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ROSS STABILITY GIVES 
HIGH-SPEED SAFETY 


TO MODERN STEERING 


@ The extra margin of steering safety required by fast, 


modern cars can be achieved only through positive 





steering stability. Ross, with its exclusive cam-and-lever 
design, provides this stability. Ross is definitely safe at 


high speeds...and at all speeds. 


CORRECT AND THOROUGHLY SATISFYING 
EASE OF WHEEL-TURN 


®@ Ross handles with finger-tip ease in all steering situations. 
Yet its inherent steadiness and reassuring feel-of-the-road 
are always ‘present. No one factor of satisfaction or safety 


is sacrificed for another. 
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Rating Aviation Fuels— 


in Full-Scale Aircraft Engines 


A report of the Cooperative Fuel Research Committee 


By C. B. Veal” 


Secretary, Cooperative Fuel Research Committee 


HE Cooperative Fuel Research Committee in 

May. 1933, approved the program of the 
C.F.R. Aviation Gasoline Detonation Subcommit- 
tee. 


This paper constitutes the report covering 
results obtained in carrying out that program in- 
volving tests made to ascertain whether octane- 
number determinations made by the C.F.R. Motor 
Method (A.S.T.M. Designation D357-34T) of rat- 
ing motor fuels correlate satisfactorily with the 
behavior of widely different types of aviation fuel 
in representative full-scale aircraft engines. 


These tests were made with four multicylinder 
aircraft engines by the Wright Aeronautical Corp., 
the Pratt & Whitney Aircraft Co., the Lycoming 


T is not difficult to understand the keen interest of the 
] petroleum refiner in the solution of this problem, par- 

ticularly the marketer of aviation gasoline. Fuel prices 
depend directly on fuel quality of which knock value is the 
most important single factor. 

The interest of the engine manufacturer, while equally 
profound, may not be as obvious to the casual observer. 
Engine performance is given and guaranteed contingent upon 
the use of a fuel having a specific minimum knock rating. 
In this country at least the knock rating is by the C.F.R. 
Motor Method.' 

Automobile engine correlation with the C.F.R. Motor 
Method has been determined on two occasions by compre- 


[This report was presented before the Annual Meeting of the Society, 
Detroit, Jan. 17, 1936.) 

*Research manager, Society of Automotive Engineers. 

1A.S.T.M. Designation, D 357-34T. 


Manufacturing Co., and the National Bureau of 
Standards. 


The C.F.R. Committee has approved a further 
program for full-scale engine detonation work 
with aviation fuels above 87 octane number. A 
statement of this program is included as an appen- 
dix of the report. 


In this study of detonation testing methods ap- 
plicable to high octane fuels, a sub-committee has 
been organized recently to coordinate the activ- 
ities of the laboratories interested in the investiga- 
tion and possible development of laboratory prac- 
tices yielding results in correlation with full-scale 
data, as provided for through the cooperating 
aircraft engine laboratories. 


hensive road tests. No such analysis of the relation of the 
C.F.R. Motor Method knock rating to the full-scale aviation 
engine knock rating has hitherto been attempted. 

The penalty of an invalid knock rating for automobile fuel 
is small. It may be expected that the automobile engine will 
knock and, under conditions of continued use of such fuel, 
damage to the engine will undoubtedly result. With the 
aviation engine the problem is not so simple. If we have an 
aviation engine designed to give its maximum power at 
take-off on fuel of 87 octane number and the fuel used, while 
it rates 87 octane number by the C.F.R. Motor Method, 
actually rates but 83 octane number on the full-scale engine, 
almost certain disaster is invited. In the relatively short period 
of high-output operation at take-off, the detonation induced 
may be of sufficient intensity to cause engine failure and a 
crash result. 
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(Transactions) 


The importance of high knock value for aircraft engines 
has been so frequently expressed that it may be tiresome 
repetition to refer to it here. When, however, we consider 
the return in power output from moderate increases in knock 
value, the importance of making full use of each octane- 
number increase is better appreciated. Fig. 1 shows for one 
engine the increase in brake mean effective pressure for con- 
tinued operation between fuels of 57 and 95 octane C.F.R. 
Motor Method. With a slope of this character it is not to be 
expected that the engine user will willingly sacrifice one octane 
number nor will he be satisfied with a test method which may 
require a tolerance of three or four octane numbers for lack 
of correlation with the full-scale engine in addition to the 
normal tolerance of two octane numbers allowed for test 
errors. 


It should be borne in mind that: 


(1) Engine performance is given and guaranteed contin- 
gent upon the use of a fuel having a specific minimum knock 
rating. 

(2) Requirements of modern aviation practice do not per- 





2 The other members of the Airplane Gasoline Detonation Steering Commit- 
tee: D. P. Barnard, R. F. Gagg, S Heron, and C. B. Veal. 

8 For the present purpose the term ‘‘knocking” is employed to denote a 
departure from normal combustion leading to undesirable and destructive 
temperature or pressure effects which may or may not be accompanied by 
audible knock. 
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Fig. 1—Limitation Imposed on B.M.E.P. by Octane 
Number of Fuel with Full-Scale Air-Cooled Engine 
Normal Operation at Sea Level 
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mit large sacrifices in critical take-off power to compensate 
for uncertain knock values. Neither do they permit the pur- 
chase, at increased cost, of fuels of higher knock value offering 
a substantial factor of safety for unreliable knock values. 

With this incentive to action it is easy to see why this work 
was undertaken. 


Initiation of Project 


Preliminary steps leading to the formation of the C.F.R. 
Aviation-Gasoline Detonation Subcommittee included: 

(1) A resolution by the Aeronautical Chamber of Com- 
merce, Sept. 4, 1931, requesting that the Chamber be per- 
mitted to join with the C.F.R. Committee in a study of 
aircraft fuel detonation. 

(2) Late in 1932, at the suggestion of the Materiel Division, 
U.S. Army Air Corps, a conference of fuel suppliers, engine 
builders, and representatives of the Army and Navy, was 
called. The conference was held on Jan. 12, 1933, and an 
investigating subcommittee appointed. 

(3) A second meeting, Jan. 25, 1933, resulted in the ap- 
pointment of an Engine Sub-subcommittee, a Fuels Sub- 
subcommittee and a Ways and Means Sub-subcommittee. 

(4) Acceptance of sponsorship of the activity by the Co- 
operative Fuel Research Committee, Feb. 6, 1933, with the 
understanding that financing would be independent of regu- 
lar C.F.R. funds. 

(5) Adoption of a special program which was placed under 
the direction of its formulators, thereafter known as the 
Steering Committee, H. K. Cummings, Chairman.* 


Objectives and Participation 


The principal purpose of this series of tests was to ascertain 
whether octane-number determinations made by the C.F.R. 
Motor Method’ of rating motor fuels correlate satisfactorily 
with the behavior of aviation fuels of widely different types 
in representative full-scale aircraft engines; and, if neces- 
sary, to develop a method for the knock rating* of aviation 
gasolines which will be applicable specifically to all varieties 
of fuels and to all types of spark-ignition aircraft engines. 

The program provided for the investigation of three series 
of base fuels: 

(a) Those whose knock characteristics are essentially un- 

changed under varying test conditions. 

(b) Those! whose knock rating decreases sharply with in- 

creasing severity of test conditions. 

(c) Those whose knock rating improves with increasing 

severity of test conditions. 

Participants were to include any organization willing to 
contribute laboratory facilities, test or reference fuels, or cash 
donations, and to cooperate actively in carrying out the pro- 
gram. Accordingly, invitations were extended to the leading 
aircraft-engine builders, the Materiel Division of the U. S. 
Army Air Corps, the Bureau of Aeronautics of the Navy 
Department, the National Bureau of Standards, and the sup- 
pliers of aviation gasoline. 

More recently, in response to a definite indication of interest 
on the part of the Canadian National Research Council, ar- 
rangements were made for that organization to cooperate on 
an equal basis with the aircraft-engine builders, and that por- 
tion of the work is now in progress. 

The organizations and individuals at present actively par- 
ticipating in the work of the C.F.R. Aviation Gasoline Deto- 
nation Subcommittee are shown in the following list, the 
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first man listed under each organization being a member of 
the C.F.R. Aviation Gasoline Detonation Subcommittee: 


Personnel and Organizations Participating in C.F.R. 
Aviation-Gasoline Detonation Tests 


Company Name 
Tee eT Te S. P. Miller 
eG 6 ree eee B. E. Sibley 
Ethyl Gasoline Corp................ Graham Edgar 

S. D. Heron 
General Motors Corp............... T. A. Boyd 
Aviation Manufacturing Corp., 

Lycoming Division............... Val Cronstedt 

National Bureau of Standards....... H. C. Dickinson 


H. K. Cummings 
National Research 


Council of Canada.............. J. H. Parkin 
M. S. Kuhring 
Phillips Petroleum Co............... G. G. Oberfell 
R. C. Alden 
United Aircraft Manufacturing Corp., 
Pratt & Whitney Aircraft Division.. W. A. Parkins 
Shell Petroleum Corp. ..T. B. Rendel 


Sinclair Refining Co................ G. R. Lord 
Society of Automotive Engineers, Inc..C, B. Veal, 


(secretary) 


Socony-Vacuum Oil Co., Inc........-C. H. Schlesman 


Stanavo Specification Board 


Standard Oil Co. (Indiana) ..D. P. Barnard 
Standard Oil Co. of California.....J. B. Terry 
H. G. Vesper 
Standard Oil Development Co. A. E. Becker 
eo ee ..G. W. Gray 
Neil MacCoull 
U.S. Army, Air Corps F. D. Klein 
U.S. Navy, Bureau of Aeronautics. . .C. F. Coe 
Waukesha Motor Co................ H. L. Horning 
A. W. Pope 


Wright Aeronautical Corp. .. Arthur Nutt, 
(chairman) 


R. F. Gagg 
A. L. Beall 


Summary of Results and Conclusions 


The tests herein described show satisfactory correlation (up 
to 87 octane number) between “Motor-Method” laboratory 
ratings for fuels (a) and (a) plus lead and (b) and (b) plus 
lead, but indicate that in this range fuels (a) plus benzol 
and (c) plus lead are somewhat overrated by the present 
laboratory test, and that the performance of a particular 
benzol blend may vary within rather wide limits depending 
on engine design and operating conditions. In view of these 
results and the need of considering fuels in the range above 
87 octane number, no attempt will be made to secure im- 
proved correlation by modifying the Motor Method until 
further experimental data are available. For the present, there- 
fore, it is to be expected from the results obtained that users 
of aviation fuel will qualify Motor-Method knock ratings in 
conformity with the type of correlation secured in this work. 
For practical purposes, therefore, users of types of fuels which 
show divergences between Motor Method and full-scale ratings 
may be expected to amend their specification knock-rating 
requirements by a suitable correction in order to insure satis- 
factory performance in service. 

In determining the octane-number requirements of a new 
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engine in development, engine manufacturers will be well 
advised to obtain them in terms of fuels substantially similar 
to the reference fuels designated in this report as Nos. 1, 
2, and 3. If fuels whose relative knocking performance is 
largely dependent on engine type are used as a yardstick of 
a new engine’s requirements, the engine may later be severely 
handicapped in service. 


Fuels and Engines Used During Test 


The present report relates to tests of fuels made with four 
multicylinder aircraft engines by the Wright Aeronautical 
Corp., the United Aircraft Manufacturing Corp., Pratt and 
Whitney, Aircraft Division; the Aviation Manufacturing 
Corp., Lycoming Division; and the National Bureau of 
Standards. 

The test program approved on May 9, 1933, provided for 
three reference fuels of 73, 80, and 87 octane number, desig- 
nated as No. 1, No. 2, and No. 3, respectively—No. 1 being 
a blend of Standard Oil Development Co.’s reference fuels 
A-3 and C-7; and the other two, C-7 plus tetraethyl lead. In 
1934 a threatened shortage of reference fuels was met by the 
Stanavo Specification Board making available 50 bbl. of a 
gasoline which the Committee accepted as being similar in its 
characteristics to reference fuel C-7. Three supplementary 
reference fuels designated No. 1’, No. 2’ and No. 3’ were 
prepared by treating this gasoline with suitable amounts of 
tetraethyl lead. 

The test fuels were based on three distinct types previously 
described; treating each test gasoline with tetraethyl lead and 
blending the (a) gasoline with benzol gave four groups of 
test fuels. Knock ratings and inspection data on the reference 
fuels and 23 test fuels are given in Appendix A. 

The engines used in the test work were: 

(1 ) Wright Super- Conqueror SV-1570 engine, 6.5:1 com- 
pression ratio, 10:1 blower ratio, 250 deg. fahr. jacket tem- 
perature. 

(2) Pratt and Whitney Hornet R-1690D engine, 6.5:1 
compression ratio, 12:1 and 10:1 blower ratio. 

(3) Lycoming R-680-2 aviation engine, 6.5:1 compression 
ratio, unsupercharged. 

(4) Pratt and Whitney Wasp R-1345 engine, 6:1 compres- 
sion ratio, 10:1 blower ratio. 

The Hornet engine was a late model with pressure-type 
cowling, while the Wasp engine was an earlier model run 
without inter-cylinder baffles. 


Engine-Test Procedure 


The original test procedure directed the operator to adjust 
the test engine by throttling, if necessary, until it just gave 
satisfactory performance on one of the reference fuels and, 
with the throttle locked in this position, to make mixture- 
control runs on the reference fuel and on a group of test 
fuels until the fuel having performance characteristics most 
like those of the reference fuel was determined. After the 
first tests were completed, it was found desirable to modify 
this procedure to the extent of recommending that each 
reference fuel be bracketed between two test fuels—one higher 
and one lower than the reference fuel. The method of com- 
parison was to vary the mixture control with each fuel from 
full-rich to minimumz-allowable total fuel flow and to record 
cylinder temperatures, fuel flow, and power output at each 
mixture-control position. 

The selection of test conditions was left to each of the 
cooperating laboratories, and it resulted in some divergence 
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of opinion as to what constituted satisfactory performance on 
the reference fuel. In some instances temperature readings 
were taken before equilibrium conditions had been established 
and, in other instances, test conditions were not such as to 
stress either test or reference fuels sufficiently. On the other 
hand, the effect of varying the severity of test conditions was 
investigated in several cases. 

The standard method of test recommended by the com- 
mittee, as a result of experience gained in these tests, will be 


found in Appendix B. 
Outline of Test Completed 


Typical curves from original data are shown in Fig. 2. It 
will be noted that brake horsepower, maximum and average 
head temperatures, and specific fuel consumption are plotted 
against fuel flow, in pounds per hour, at a given throttle set- 
ting common to all fuels run on each test. 

At least one reference fuel is run in each test, from which 
the performance of the test fuel or fuels may be deduced. 
Some 70 of these curve sheets make up the accepted data, each 
representing mixture-control runs with two or more fuels. 
The analysis of each of these curves to show the full-scale 
engine knock rating of the test fuel provides the material 
from which the complete correlation plots are drawn. 

A number of runs, which are not included in the graphical 
data, were submitted to the Aviation-Gasoline Detonation 
Steering Committee for its consideration by the laboratories 
concerned, but with the request that the data be rejected as 
doubtful due to changes of atmospheric or engine condition 
during such runs. The data from a considerable number of 
runs of an exploratory nature, and from others which were 
terminated by engine failure, were not submitted to the Steer- 
ing Committee. Runs which produced engine failure and the 
necessary engine rebuilding subsequent to operation at over- 
severe conditions represent a large amount of work in addition 
to that completed and here reported. 

At the request of the Steering Committee re-runs were 
made in some doubtful cases, either at substantially identical 
or more severe engine conditions, and a few cross-comparisons 
were made between lead and benzol-blend test fuels. 

The large number of full-scale engine comparisons com 
pleted has permitted a more detailed analysis than has been 
possible in the case of any previous series of aviation-fuel 
tests. 


Appraisal of Test Data 


The general principle followed in the appraisal of the test 
data has consisted fundamentally in determining the point 
(as indicated by cylinder temperatures) beyond which difh- 
culties due to fuel limitations would definitely be encoun- 
tered. This point is usually well defined for any single run 
on a given fuel. The events immediately preceding the at- 
taining of this point in operation varied considerably from 
run to run, particularly with different engines. It, therefore, 
becomes impossible to establish a simple rule for locating the 
“knocking” point on the various data sheets. Rather, the 
method of actually locating the “knocking” point must be 
determined from a thorough appreciation of the factors af- 
fecting operation of aircraft engines under the test conditions 
employed. 

The problem has been clarified to a certain extent, however, 
by virtue of the general similarity of the relation between 
cylinder-head temperatures and changes in operating vari- 
ables of the several fuels involved in any one group of test 


runs. It is possible, therefore, to obtain a fairly clear-cut 
relation between the fuels of any one group—which, of course, 
yields a relation between one or more test fuels and the ref- 
erence fuel employed. Obviously, not all the individual fuel 
runs in any one group have been obtained under identical 
conditions of engine performance. It has usually been neces- 
sary to introduce a qualification due to differences in power 
output, specific fuel consumption, and so on. In no case, 
however, has any such allowance been particularly large. 

In a few instances it has been possible to “bracket” one or 
more test fuels between two reference fuels; while in most 
other instances the converse has been followed—in which a 
reference fuel has been bracketed between two test fuels. It 
would have been desirable, of course, to bracket all test fuels 
between suitably-spaced reference fuels. Operation under 
critical conditions, with fuels of widely varying knock rating 
at any one manifold pressure, was obviously impractical. The 
fuel of low octane number in such a group suffers such an 
abrupt transition to severe knocking that actual measurement 
ot any considerable temperature rise is impractical. 

In a sense this limitation simplified the problem of evalu- 
ating differences, as the greatest range to be so covered was 
rarely more than three or four octane numbers. The effects 
of small variations in output and fuel consumption rarely 
amounted to more than one octane number. 

A cursory glance over the individual test curves reveals 
many apparent differences. In some cases it has been possible 
to follow the rise in cylinder temperatures for a very consider- 
able distance. In many others the particular fuel and engine 
combination was so critical to the presence of knocking that, 
once the point of orderly combustion was passed, further 
operation was impossible without incurring risk of rapid 
failure. These conditions represented such an abrupt transition 
to severe knocking that the actual measurement of any con- 
siderable temperature rise was impossible. 

Within the foregoing general principles at least two differ- 
ent appraisal procedures may be used: 

(1) Simple inspection of individual “case records.” 

(2) Use of an indexing “formula” in which the various 
pertinent factors are assigned definite relative weights in 
advance, and all results evaluated in accordance with the rule 
so established. 

The results of this work have been appraised by two such 
widely divergent methods, which are described in detail as 
follows: 


Inspection of Individual Test Runs 


This method of treating the data can be more fully appre- 
ciated from the following description of several representative 
cases, each of which is typical of certain groups of tests. 

An example of a series of directly comparable test runs 1s 
illustrated diagrammatically in Fig. 3. In this case tempera- 
ture observations are represented as having been carried to the 
point where definite rising trends have been actually mea- 
sured. The step-by-step procedure employed for such a case 
is as follows: 

The fuel flows for the maximum practical cylinder tem- 
peratures are designated as shown for the three fuels. From 
these curves it is seen that with fuel No. 1 operation becomes 
critical at 80 lb. per hr. flow; fuel No. 2, at 100 lb. per hr.; 
and fuel No. 3, at 140 lb. per hr. It will be noted that the 
horsepower of fuels Nos. 1, 2, and 3 is sensibly equal at the 
critical cylinder-head temperature for each fuel, and that the 
fuel which reaches its critical temperature at the lowest fuel 
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flow permits also the lowest specific consumption. Accord- 
ingly, it would be judged that, if the space between fuels 
Nos. 1 and 3 corresponds to three octane numbers, then fuel 
No. 2 would have a “full-scale” rating approximately one 
octane number poorer than fuel No. 1. 

In addition to the example given in Fig. 3 several other 
forms of head-temperature effects have been encountered, as 
shown diagrammatically in Figs. 4 and 5. In Fig. 4 is illus- 
trated the case of a fuel (fuel No. 5) giving head tempera- 
tures higher than another (fuel No. 6) but which, never- 
theless, permits lean running to a greater degree. In such an 
instance fuel No. 5 can be considered as better than fuel No. 6 
because any further leaning out with the latter fuel would 
result in a head-temperature “runaway”. In Fig. 5 is shown 
the case in which one fuel (fuel No. 7) did not knock in 
such a manner as to produce runaway head temperatures. 
It is obvious that this fuel is definitely better than the others, 
although dissimilarity in behavior makes the assignment of 
an actual rating from such data alone rather difficult. In 
Fig. 6 is shown diagrammatically the case where both fuels 
under ‘consideration show temperature differences which did 
not run out of control but which, at low fuel consumptions, 
may be regarded as indicative of actual distinctions between 
fuel knocking characteristics (quite different from those ob- 
served in the automobile engine). In this work such data 






























were evaluated by comparing performance at the fuel flow 
giving maximum head temperature in the case of each fuel. 

The actual judging of the various groups of test data as 
described above must, of course, take experimental variables 
and engine characteristics themselves into account wherever 
they are pertinent to the problem at hand. A brief outline of 
the procedure for considering the more important of these 
factors is given as follows: 

(1) Air-Cooled Engines. — 

(a) Most stress has been laid on maximum cylinder-head 
temperature, as in practice it is this temperature of any one 
cylinder that sets the limit of safe operation of an engine. 
Whether the mean temperature is normal, or even low, is of 
little importance if one cylinder is violently overheating—as 
that one cylinder can cause a complete engine failure. 

(b) The second most important factor is average head tem- 
perature. This is a more reliable and reproducible factor than 
maximum head temperature when the fuel has reached its 
critical point and is on the verge of a runaway. Most of the 
work, however, has been based on methods which involved 
stable maximum and average temperatures which could be 
reproduced substantially on any particular run by reverting 
to the fuel flow which had produced the particular tempera- 
ture condition in an earlier part of the same run. 

(c) The third factor to be considered embraces maxi- 
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Figs. 3 to 6—Directly Comparable Test 
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mum and average cylinder-base temperatures. This factor is 
weighted, because in the event of high cylinder-head tempera- 
tures a tendency to piston failure may arise which is aggra- 
vated by high cylinder-base temperatures. However, in most 
cases marked differences in cylinder-head temperature show 
little effect on cylinder-base temperature.* 

(d) The fourth factor is the change in horsepower avail- 
able as the fuel flow is reduced. With factors (a), (b), and 
(c) equal, the fuel that develops the greatest horsepower is 
the best. 

(e) Specific fuel consumption is the last factor to be con- 
sidered. With factors (a), (b), and (c) equal, the fuel giving 
the lowest specific consumption is the best, and the evaluation 
of this factor is similar to that of (d), horsepower. 

(2) Liquid-cooled Engines. — 

Factors (a), (b), (d), and (e) described in the foregoing 
were considered in the order stated. Cylinder-base tempera- 
tures were not measured in the tests of the engine used for 
this work, but they would have been of value had it been 
practical to obtain reliable figures. 


4A notable exception is in the National Bureau of Standards tests of 
reference fuel 3 and test fuel a-7 vs. a-13, and a-14, where the cylinder-base 
temperatures were markedly higher at all fuel flows with the benzol blends 


than they were at the corresponding fuel flows with reference fuel 3 and 
test fuel a-7. 
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Analysis of Data by Match Number 


The most important criterion in full-scale evaluation of 
the knocking tendency of fuels is, of course, the cylinder- 
head temperature for a given fuel flow in any one engine. 
At some fuel flow and power output each fuel has a critical 
head temperature beyond which it is unsafe to operate the 
engine. Consequently, any evaluation by critical head tem- 
perature must be qualified by the power output at which it 
is reached and the specific fuel consumption at the time it is 
reached. 

As a comparison of two fuels involves particularly a com- 
parison of head temperatures, power output, and specific fuel 
consumption for each, six factors must be weighted and the 
above three values for one fuel compared as a whole with 
the three values for the other. To insure that the weighting 
of each factor will always be uniform and that the compari- 
sons of two fuels will always be made in an identical manner, 
there has been evolved a simple arithmetical method of 
weighting each factor and summing the three for each fuel 
into a single figure termed the “match number.” This method 
possesses the advantage of subjecting all of the data to the 
same treatment, which cannot always be done in the inspec- 
tion of individual cases. 

The accuracy of the method was checked by making a 
series of runs in the full-scale engines with a single stable 
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Table 1—Match-Number Analysis of Typical Data Sheet 
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Fig. 7-—Relative Knock Ratings in Full-Scale Engines for 
Test Fuels and Reference Fuels 
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Equivalent Octane Number, Full - Scale Engine 


Fig. 8—Correlation Chart for Test Fuels (a) and (a) 
Plus Lead—Full-Seale Engine Ratings by Inspection 


curve from full-rich mixture to the leanest mixture possible 
without encountering excessive head temperatures) are to be 
compared at either a single fuel-flow rate or at a particular 
head temperature, it is obviously necessary that such a basic 
datum point for the comparison must be determined by the 
limitations of the poorer fuel. As the match-number method 
is based on performance differences at a fixed fuel flow, the 
leanest mixture attainable with the poorer fuel is employed. 
The fuel first reaching a critical head temperature is the 
poorer fuel, as it is not possible further to lean out the mixture 
with it, and the other fuel or fuels are compared with it at its 
leanest point of useful performance. In rare cases neither fuel 
reaches a critical head temperature, but the poorer fuel will 
reach its maximum head temperature at a higher fuel flow 
than the other, and the comparison is made at this fuel flow. 

With the datum point thus chosen, an empirical equation 
is used to correlate the data. 


Equation for Match Number: 


100 


Sp a " a utput* > maximum head temperature -+ S.F.C.T 
opec C orsepo ; Oo 


(10°) = match number 
® Horsepower 
Displ- cement, cu. in. 
+ Specific fuel consumption, Ib. per hp-hr. 


The lower the match number, the better the fuel. Expert- 
ence with stable fuels and use of the match number for a 
large number of data from these as well as other tests indi- 
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Fig. 9--Correlation Chart for Test Fuels (a) Plus Ben- 
zol—Full-Seale Engine Ratings by Inspection 


cates that a difference in fuels of one octane number is sub- 
stantially equivalent to 15 points difference in the match 
numbers. If this ratio is accepted for the range of fuels 
covered in these tests, it is possible to make quantitative com- 
parisons between reference and test fuels for each run. 

In computing match numbers, the fuel under test should 
be compared with the nearest reference fuel if more than one 
reference fuel appears on the plot in order to minimize errors 


(see Table 1). 


Presentation of Results 


The results of a critical inspection of the test data are pre 
sented in two complementary forms. Fig. 7 shows a compari- 
son of the knock ratings of the reference fuels and the four 
groups of test fuels, as determined by the full-scale tests, 
plotted on the Motor-Method ratings of the test fuels. By 
definition, the knock ratings of the reference fuels are the 
same in all of the full-scale engines as in the C.F.R. engine, 
but in this chart the points representing the reference fuels 
are plotted in positions indicating their full-scale engine per- 
formance relative to that of the test fuels on a scale of Motor- 
Method ratings of the test fuels. In the case of any engine, 
displacement of the reference-fuel point with respect to the 
test-fuel Motor-Method octane value indicates that the Motor- 
Method rating incorrectly predicts the full-scale engine per- 
formance of the test fuel by the amount shown on the chart. 
This mode of plotting shows clearly the relative values for 
all the fuels tested in each type of engine. 

The arrows on Fig. 7 serve to indicate which of the test 
fuels have been evaluated in each of the four engines by 
comparison with one of the three original reference fuels.® It 
will be noted that test fuels a-9, b-15, c-20, and c-25 have not 
been rated by the inspection method in any of the full-scale 
engines. 


* The comparison was indirect only in the case of the Super-Conqueror 
engine tests of fuels (c) plus lead, where the supplementary reference fuels 
were used in place of the original reference fuels. To avoid possible confu 
a points representing the supplementary reference fuels are not shown 
in Fig. 7 


70, 
0 72 4 %6 #818 80 82 84 86 88 90 92 94 


The degree of correlation between the Motor-Method rat- 
ings for each group of test fuels and the full-scale engine 
ratings for the same fuels, as determined by comparison of 
performance of test and reference fuels under similar condi- 
tions, is shown in Figs. 8, 9, 10, and 11. All points plotted on 
the datum line indicate true correlation between full-scale 
tests and Motor-Method ratings; left displacements show 
depreciation of the fuel in the full-scale engine, and vice 
versa. 

The method of presentation last mentioned is also employed 
in showing the correlation obtained when the same data are 
examined with the aid of the arithmetical match number. 
The data points are more widely distributed by this less 
flexible mode of analysis, because discretionary evaluation or 
weighting of the importance of variations in the test data 
is excluded by the definition of the method. However, it will 
be noted that the match-number determinations as shown in 
Figs. 12, 13, 14, and 15 substantially confirm the results of 
critical inspection of the data. 
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Fig. 10—Correlation Chart for Test Fuels (b) and (b) 
Plus Lead—Full-Seale Engine Ratings by Inspection 
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Fig. 11—Correlation Chart for Test Fuels (c) Plus Lead 
—Full-Seale Engine Ratings by Inspection 
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In the higher octane-number brackets the (a) plus benzol 
fuels are overrated by the Motor Method as shown by their 
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behavior in some aircraft engines. Additional data substanti- 
ating this conclusion are given in Appendix A, Section III. 
Fuels containing large fractions of benzol have been found to 
be erratic and subject to wide variations in behavior with 
changes in engine type and operating conditions. Although 
benzol is the only aromatic fuel included in the work, it 
would appear that, where fuels of more than 80 Motor- 
Method octane number are concerned, the Motor-Method 
rating should be regarded with caution and _ verified 
by service-test data for any particular engine and installation 
if the total aromatic content exceeds 40 per cent by volume. 

Fuels of the (b) series are sensibly correctly rated by the 
Motor Method. This conclusion is subject to confirmation if 
fuels of this type (of high acid heat) of higher octane num- 
ber than those tested should later become available. 

The Motor Method overrates the gasoline blends of the (c) 
series by approximately two octane numbers in the range 73 
to 80. Whether this result is related to volatility or to the 
composition of the particular fuel used in these tests is not 
known. This point might be worth investigation later by 
tests of very volatile fuels of other types. 

The full-scale engine-test procedure, set up to test fuels 
rather than engines, has produced satisfactory results. The 
method used does not altogether simulate the conditions by 
which fuels are judged in service, but for the most part is 
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Fig. 12—Correlation Chart for Test Fuels (a) and (a) 
Plus Lead—Full-Scale Engine Ratings by Match Number 
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Fig. 13—Correlation Chart for Test Fuels (a) Plus Ben- 
zol—Full-Scale Engine Ratings by Match Number 
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Fig. 14—Correlation for Test Fuels (b) and (b) Plus 
Lead—Full-Scale Engine Ratings by Match Number 


closely related thereto. It provides a degree of accuracy which 
cannot be attained in flight testing. 


Work in Prospect 


Referring again to Fig. 1, it will be noted there is a material 
change in the slope of the curve with higher octane numbers. 
The gain in brake mean effective pressure for each octane 
number increase in knock rating is substantially greater in the 
higher values than in the lower. In all fairness to the engine 
builder it must be admitted that some of this gain is due to 
improvement in design and materials, but no small part of the 
gain is attributable to the fact that the octane-number scale is 
not a strictly linear function and an octane number in the 
higher values has greater effect on engine performance than 
in the lower values. It is accordingly still more important in 
the range of 87 octane number and up, that knock-test engine 
ratings indicate accurately the average performance in the full- 
scale engine. 

Fig. 16 shows differences between laboratory ratings by 
current methods for fuels of 87 octane number and higher, on 
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which the Committee has full-scale data. While data on 
specific fuels are not available to the Committee it is known 
that in the case of some fuels the differences between ratings 
by the two laboratory methods are thirteen octane numbers 
or more. 

A substantial amount of data on full-scale engines must 
be secured to determine whether the C.F.R. Motor Method 
over rates or under rates fuels above 87 octane number in 
terms of the full-scale engine, and other methods, at least that 
of the Army, must be evaluated. 

It will be recalled that the work originally contemplated 
covered the range only to 87 octane number, and this program 
has been completed as planned. 

The present program (Appendix C) of the Committee, 
work on which is now under way, includes the following: 

(1) Establish the validity of the C.F.R. Recommended 
Procedure for Rating Fuels in Full-Scale Aircraft Engines (see 
Appendix B) for fuels above 87 octane number. 

(2) Conduct full-scale engine tests in the range from 87 
octane number to the highest octane number available. 

(3) Concurrently with item (1), develop or revise knock- 
test methods leading to correlation with full-scale engine data. 

A problem such as this can be solved only by cooperative 
effort. The solution lies not in a highly scientific interpreta- 
tion of a natural law, but in the collection and intelligent 
analysis of statistical data from which useful conclusions may 
be drawn. Their usefulness depends in large measure on the 
accuracy of the analysis, which must be checked from various 
viewpoints. 

Any one of the several agencies interested in the problem 
can prepare a solution for it. At best, such a solution could be 
satisfactory only to the agency responsible for it. 

The outstanding value of fuels of higher octane number 
than those now in general use is not confined to the aspect 
of possible increases of power output as indicated in Fig. 1. 
Recently released data® have shown that specific fuel con- 
sumptions of 0.35 lb. per b.hp-hr. have been obtained at 
cruising power output in air-cooled engines with 100 octane 
number fuel (Army Method). 

The use of one type of 100 octane number fuel makes it 
possible to secure from existing engine models greater power 
output for take-off and climb than is now possible with fuels 





6 See “‘Air-Cooled Radial Engine Performance Possibilities and Means for 
Obtaining Optimum Fuel Economy in Flight’, by Raymond W. Young, 
presented at the Annual Meeting of the Society, Detroit, Jan. 17, 1936. 
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Fig. 15—Correlation Chart for Test Fuels (c) Plus Lead 
—Full-Seale Engine Ratings by Match Number 
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Fig. 16—Comparison of Army and C.F.R. Motor Method 
on High-Octane Fuels 


in general use and this advantage in conjunction with a 
cruising fuel economy equal to the best so far obtained with 
any aircraft Diesel engine. The value of fuels of 100 octane 
number hardly needs emphasizing to the aircraft-engine user 
when it is realized that the increased performance just dis- 
cussed involves only a change of cylinder compression ratio, 
that installed engine weight is only very slightly increased and 
overall engine dimensions are not increased at all. With such 
fuels the possible increase of take-off power will allow existing 
types of aircraft to take off with either a greater fuel load or a 
greater payload, and the reduction in cruising fuel consump- 
tion will increase the range for a given fuel load. Increase 
of take-off power and range will make commercial possibili- 
ties of flight distances which, with existing aircraft, can only 
be considered experimental when using the fuels now gen- 
erally available. 

Increases in performance with the higher octane number 
fuels will, however, not be available to the aircraft-engine 
user unless the problem of rating such fuels is vigorously 
attacked and an early solution secured. Increasing availability 
of higher octane number fuels will only be of value to the 
user if they can be purchased with the knowledge that the 
octane number paid for will be obtained in flight and not 
merely found in a knock-test laboratory. Although the possi- 
bilities of higher octane number fuels have been discussed 
above in terms of a single roo octane number fuel, it is neither 
desirable nor possible for the user to limit his fuel supplies to 
this single type. 


Appendix A—Fuel Data 


Section I—Inspection Data and Motor-Method Knock 
Rating on Test and Reference Fuels 


Tables 2, 3, and 4 give typical inspection data and average 
knock ratings by the C.F.R. Motor Method on the reference 


fuels and on the four groups of test fuels, which are frequently 
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referred to in the main report as (a) and (a) plus lead, 
(a) plus benzol, (b) and (b) plus lead, and (c) plus lead. 


Section Il—Laboratory Knock Ratings of Test and 
Reference Fuels by Air-Corps Method 


Samples of all the test and reference fuels except reference 
fuel No. 3 were submitted to the Materiel Division, U. S. 
Army Air Corps, for knock tests by the Air-Corps test method. 
Results of these tests were reported in terms of the matching 
blends of reference fuels A-2 and C6 or reference fuel C-6 
plus lead. Reference fuel No. 3 was rated by the Air-Corps 
method directly against iso-octane and n-heptane, and against 
reference fuel C-6 plus lead, by the Ethyl Gasoline Corp. The 
Air-Corps octane numbers of the matching blends, determined 
from calibration curves of the reference fuels supplied by the 
Air Corps, are given in Table 5 as a matter of interest. Oc- 
tane numbers by the Air-Corps method do not, in this case, 
provide convenient means for correlating the Air-Corps rat- 
ings with the full-scale engine data, because the latter are 
referred to Motor-Method octane numbers. The Motor-Method 
octane-number equivalents of the matching blends of reference 
fuels have, therefore, been determined from the calibration 
curves of reference fuels A-2 and C-6 supplied by the Standard 
Oil Development Co. Where the matching blend of reference 
fuel C-6 plus lead determined by the Air Corps contains a 
lead concentration in excess of that shown on the Standard 
Oil Development Co. calibration curve, the octane-number 
equivalent of the blend has been obtained from additional 





Table 2—Inspection Data on Reference Fuels 





Original Supplementary 
Reference Reference 
Fuel’ Fuel’ 


No.1 No.2 No.3 No.1'No.2' No.3? 
Reid vapor pressure, lb. per 


sq. in. $5 56 55 6.7 6.7 67 


Gravity, deg. A.P.I. 63.4 63.5 63.2 70.5 68.7 69.0 
A.S.T.M. distillation, deg. fahr: 
Initial boiling point 127 127 131 113 «6114 «(116 
5 per cent point 158 158 158 — — — 
10 per cent point 167 165 165 146 148 148 
20 per cent point 178 178 4176 #155 157 149 
30 per cent point 185 185 183 163 166 166 
40 per cent point 196 192 190 171 173 174 
50 per cent point 203 199 199 178 181 181 
60 per cent point 214 210 210 186 190 190 
70 per cent point 226 221 223 194 198 198 
80 per cent point 244 24) 241 205 208 209 
90 per cent point 279 275 279 222 225 226 
End point 349 349 347 278 278 281 
Recovery, per cent 98.7 98.1 98.2 98.4 98.4 98.1 
Residue, per cent 0.7 09 07 — — — 
Loss, per cent os 0 2 i323 O28 1d 
Octane No. 73.0 80.0 87.0 73.8 82.2 888 
Acid heat’, deg. fahr. 2 2 2 2 2 2 


Lead, tetraethyl, cc. per gal. 25 none 1.1 3.0 





1 Inspection data on original reference fuels obtained from the Standard Oil 
Development Co. 

2 Acid heats determined by the Method of Test for Determination of Acid 
Heat used in the Standard Inspection Laboratory. 

® Supplementary reference fuels rated by 9 cooperating laboratories; all 
values exclusive of acid heats based on averages. 
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Table 3—Laboratory Knock Ratings of Test Fuels by 
C.F.R. Motor Method (A.S.T.M. Designation 
D 357-34T) 





Octane Lead 
No. Tetraethyl, Benzol, 
Fuel ( Average) ec. per gal. per cent 
a- 4 73.4 none none 
a- 5 76.0 0.2 none 
a- 6 80.0 0.6 none 
a- 7 83.8 iS none 
a- 8 87.8 3.0 none 
a- 9 89.6 3.9 none 
a-10 76.0 none 21 
a-1] 80.4 none 50 
a-12 83.9 none 67 
a-13 88.4 none 76 
a-14 90.5 none 79 
b-15 68.8 none none 
b-16 72.2 0.30 none 
b-17 76.5 1.0 none 
b-18 79.9 2.90 none 
b-19 83.0 6.0 none 
c-20 69.4 0.14 none 
e-2] 72.9 0.39 none 
¢-22 76.5 0.80 none 
c-23 80.7 1.75 none 
c-24 83.3 2.75 none 
e-25 84.3 3.20 none 
c-26 87.1 4.50 none 
1 Knock ratings are averages from six laboratories. 


data of the National Bureau of Standards and the Ethyl 
Gasoline Corp., in which C-6 plus lead has been directly calli- 
brated against iso-octane and n-heptane up to 8 cc. of 
PbEt, per gal. in reference fuel C-6 (or 95-96 octane number ). 
Both Motor-Method and Air-Corps octane numbers derived 
from the Standard Oil Development Co. and Air-Corps curves 
are given to the nearest octane number. 

The data in Table 5 (columns 2 and 5) indicate slightly 
poorer correlation of the Air-Corps ratings with the multi- 
cylinder engine behavior of test fuels (a) and (a) plus lead 
and (b) and (b) plus lead, and slightly better correlation 
with the full-scale engine behavior of test fuels (c) plus lead. 
The Air-Corps ratings represent only a single set of determi- 
nations and, hence, the above indications may not be signifi 
cant. The Air-Corps ratings of the high-benzol blends (test 
fuels a-11 to a-14) are closer to the mean full-scale results 
than are the Motor-Method ratings. There is no reason for 
doubt regarding the depreciation of the high-benzol blends 
by the Air-Corps method, as this method is based on c.p. 
benzene matching reference fuel C-6 plus 1.1 cc. of PbEt, 
per gal. 


Section I1l—Additional Data on Benzol Blends 


Additional data regarding the behavior of benzol blends 
of 80 and 87 octane number have been made available to the 
committee by the Wright Aeronautical Corp. These data 
were obtained on an older type R-1820-F engine, but did 
not involve the use of the present test or reference fuels. The 
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fuels used consisted of a base gasoline very similar to that 
used for the (a) series test fuels, and to this was added lead 
or benzol to give octane numbers of 80 and 87. These data 
show that in the full-scale engine the 80-octane-number benzol 
blend is definitely better than the lead blend of the same 
octane number. The 87-octane-number benzol blend is de- 
cidedly inferior in the multicylinder engine to the 87-octane 


number lead blend. 


Appendix B 


C.F. R. Recommended Procedure 
for Rating Fuels in Full-Scale 
Aircraft Engines 


On the basis of present experience, the Cooperative Fuel 


173 


fuels and has no direct bearing on the fuel requirements of 
the particular engine used. 


General Method 


The method employed is that of bracketing the test fuel 
between two suitably chosen reference fuels so that the rating 
of the former may be obtained by interpolation from the 
ratings of the reference fuels. 


Basic Assumption 


In order to give engine ratings in terms of octane numbers, 
it is necessary to assume that the relative performance of the 
reference fuels in the full-scale engine is equivalent to that 
which would be obtained with the blends of iso-octane and 
normal heptane which match them under standard test con- 
ditions in the laboratory test engine. While this may not 
be strictly true in all cases, the assumption serves to connect 
tests made with different reference fuels, and does not intro- 
duce any large error. 


Reference Fuels 








Research Committee recommends the following procedure for 
rating aviation fuels in any particular type of full-scale aircraft 
engine. (It is not known that this procedure is completely 
satisfactory for fuels of more than 87 octane number.‘) It 
should be noted that the procedure is for the comparison of 


For testing fuels up to 87 octane number, it is believed that 
blends of straight-run gasolines and straight-run plus mod- 
erate concentrations of PbEt, are suitable reference fuels.* 
The bracketing reference-fuel blends shall not differ in knock 
rating by more than four octane units, in order to make 
possible accurate interpolation. 


7C.F.R. Motor Method (A.S.T.M. Designation D 357-34T). 
*To permit the direct comparison of test data, it is generally desirable 


to employ secondary reference fuels which are in common use. Two such Test Installation 

reference fuels, A and C, are commercially available through the Standard : : 

Oil Development Co., and calibration curves are furnished with them—giving The test engine shall be suitably mounted and coupled toa 
the Motor-Method octane numbers of these fuels when blended with each 


other and with tetraethyl lead. 

A closer approximation to the primary reference fuels (iso-octane and 
n-heptane) could be obtained by using blends of technical iso-octane with a 
straight-run gasoline of very low octane number, and such reference fuels 
may be provided by the Committee for use in future work on the rating of 
fuels of high octane number 


dynamometer. The usual instruments for determining power- 
output, engine speed, and fuel consumption shall be em- 
ployed. In the case of an air-cooled engine, at least two-thirds 
of the cylinders shall be equipped with two thermocouples, 





Table 4—Typical Inspections of Test Fuels’ 








b-15 to b-19 

a-4 to a-9 inclusive _c-20 to c-26 

inclusive ((b) and (b) inclusive 

Fuel ((a) and (a) base Benzol base ((c) base 

+PbEt,) a-10 a-1l a-12 a-13 a-14 (90deg.) -+PbEt,) +PbEt,) 
Reid vapor pressure, lb. per sq. in. Ie 5.3 4.6 4.5 4.1 3.9 eo 5.0 7.7 
Gravity, deg. A.P.I. 62 55 45 41 37 36 30 65 74 

A.S.T.M. distillation, deg. fahr.: 

Initial boiling point 110 120 140 144 155 150 173 123 110 
5 per cent point 145 150 160 165 168 170 176 150 127 
10 per cent point 160 165 168 170 172 172 177 155 133 
20 per cent point 178 175 173 174 175 174 178 165 140 
30 per cent point 190 180 177 178 178 177 179 175 145 
40 per cent point 200 190 180 180 180 179 179 180 152 
50 per cent point 210 195 185 183 182 181 180 190 160 
60 per cent point 218 205 188 186 183 183 181 200 168 
70 per cent point 228 215 195 190 186 185 183 210 177 
80 per cent point 238 230 205 195 190 190 186 220 188 
90 per cent point 257 250 230 215 205 205 194 240 203 
End point 325 325 315 300 300 296 242 305 255 
Recovery, per cent 99 99 99 99 99 99 99 99 99 
Loss, per cent 1 1 ] l 1 1 1 1 1 
"Acid heat, deg. fahr. 4 5 5 6 6 6 7 98 4 
Benzol added to base fuel, per cent none 21 50 67 76 79 ee none none 








‘Inspection data on test fuels obtained by the Exchange Group of the C.F.R. Detonation Subcommittee. 
? Acid heats determined by the C.F.R. Method for Determining Acid Heat. 


May, 1936 





ae 











174 S.A.E. JOURNAL 


(Transactions) 





Table 5—Comparison of Knock Ratings by Motor and 
Air-Corps Methods 





Motor- 
Method 
(3) Octane 
Air Corps Matching’ No. for 
(2) Fuel Blend (4) Matching 


Motor- ———~————__ Air Reference 
Method C-6in PbEt,in Corps® Fuel Blend 
(1) Octane No. = A-2, C-6, cc. Octane Found by 


Fuel No. (Average) percent per gal. No. Air Corps® 
Reference 

fuel No.1 73.0 68 re 72 73 
Reference 

fuel No. 2 80.0 wr 0.4 80 80 
Reference 

fuel No. 3 87.0 ee 2.0" 92° 87 
a- 4 73.4 90 cava 73 73 
a- 5 76.0 100 sii 76 76 
a- 6 80.0 “ge 0.3 79 79 
a- 7 83.8 er 0.9 85 83 
a- 8 87.8 Sata 2.0 92 87 
a- 9 89.6 «be 3.0 94 88 
a-10 76.0 eer 0.15 77 78 
a-l1l 80.4 wid 0.35 79 79 
a-12 83.9 re 0.8 84 83 
a-13 88.4 ve 1.0 86 84 
a-14 90.5 Sin 1.2 88 85 
b-15 68.8 75 efalcy 69 69 
b-16 72.2 89 ee 73 73 
b-17 76.5 ae 0.15 77 78 
b-18 79.9 atch 0.55 82 81 
b-19 83.0 are 1.0 86 84 
c-20 69.4 75 ean 69 69 
e-21 72.9 88 pan 72 73 
c-22 76.5 100 are 76 76 
c-23 80.7 ail 0.4 80. 80 
c-24 83.3 ‘ae 0.7 83 82 
c-25 84.3 oT 1.3 89 85 
c-26 87.1 bass 1.6 90 86 





1 Two determinations. 
2 Directly against iso-octane and n-heptane. ; 
%U. S. Army 2-94 Knock Test, Fuel, Aircraft Engine. 


one a gasket-type thermocouple® inserted under the rear 
spark plug, and the other peened into the base flange at the 
rear of the cylinder. In the case of a liquid-cooled engine, 
suitable means shall be provided to measure the temperature 
of the cooling liquid where it enters and leaves the cylinder 
block, and to measure the temperature of the hottest spark 
plug in at least two-thirds of the cylinders. All thermo- 
couples shall be connected through a selector switch to a sen- 
sitive and accurate temperature indicator. 


Severity of Test Conditions 


The test conditions should be sufficiently severe to produce 
at least incipient detonation with the test fuel when the 
mixture is well leaned out. If the engine used does not 
normally give this degree of severity at full throttle and rated 
speed, conditions may be made more severe by increasing the 





® Thermocouples peened into the cylinder head may be used to supplement, 
but not to replace, the gasket-type thermocouples specified. 

1© Where several test fuels are to be rated, an experimental engine calibra- 
tion curve showing the maximum permissible output with each of the avail- 
able reference-fuel blends will be found helpful in selecting the correct 
reference-fuel blend. 
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blower ratio or compression ratio, or by operating at higher 
charge or cylinder temperature. If test conditions are too 
severe at full throttle and rated speed, a throttle stop and/or 
a decrease in blower ratio or compression ratio may be used 
to reduce the severity of test conditions—care being taken to 
keep within the range of good operating practice. The test 
conditions chosen shall be such as to give a distinct, but not 
excessive, increase in cylinder-head temperature with the test 
fuel at constant throttle and rated speed when the mixture is 
leaned to 75 per cent of the full-rich fuel flow or sufficiently 
to cause a 2 per cent reduction in power output. 


Conduct of Test 


(1) A test shall consist of mixture-control run at constant 
throttle and rated speed on the test fuel, and on each of two 
reference fuels (one having a higher and the other a lower 
knock rating than the test fuel.) 

(2) In each run the mixture control shall be varied in small 
steps from full-rich to the minimum-allowable specific fuel 
consumption with a minimum of five points for any one 
curve. 

(3) At each mixture-control position, after all tempera- 
tures, fuel consumption, and power have been determined, the 
ignition switch shall be cut to determine the degree of after- 
firing, if any, and results noted. Test results shall be dis- 
carded where more than four or five after-fires are observed. 

The first run shall be on a reference-fuel blend believed to 
be equal or slightly superior to the test fuel,’® and this run 
shall be followed at once without change of throttle position 
by the run on the test fuel. If the data are plotted as taken, 
it will then be evident whether the second reference-fuel blend 
used must be of higher or lower knock rating than the first 
in order to bracket the test fuel. 

To conserve the supplies of test and reference fuels, cali- 
bration runs and runs made for the purpose of checking 
engine condition should be made on a commercial fuel of 
adequate octane number. It is most important to determine, 
both before and after making a fuel test, that the engine 
performance is normal for the type of engine being used. 


Fuel Requirements 


A test as defined above can normally be completed in go 
min. after the required severity of test conditions has been 
determined. One drum of the test fuel and one drum of each 
reference-fuel blend should thus be sufficient for a test on any 
engine of less than 2,000 cu. in. displacement. It is recom- 
mended that twice these quantities be provided in all cases 
(to permit repeat runs) and that not less than five drums be 
ordered in the case of unusual fuels which it may be de- 
sirable to test on more than one type of engine. 

Where the Motor-Method knock rating of the test fuel 
has not been well established, it is desirable to have the fuel 
rated by a number of cooperating laboratories. The quantity 
of fuel set aside for such laboratory testing should normally 
be about 10 gal., since each cooperating laboratory requires 
at least 1 gal. In the case of unusual fuels, a drum may well 
be reserved for experimental purposes. 


Reported Data 


The Cooperative Fuel Research Committee is interested in 
receiving copies of engine laboratory log sheets, giving all 
data recorded in the course of a fuel test, together with com- 
plete inspection data on the fuels used or adequate samples 
of each fuel. A graphical summary of the engine data from 
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a fuel test should show at least: (1) maximum and average 
cylinder-head temperatures; (2) observed brake horsepower; 
and (3) specific fuel consumption, plotted against the fuel 
flow, in pounds per hour for each of the three fuels. In case 
the engine is air-cooled, cylinder-flange temperatures should 
also be plotted. In addition to the plots, the following data 
should be reported: 
Engine data— 

Displacement 

Compression ratio 

Blower ratio 

Impeller diameter 

Crankshaft r.p.m. 

Absolute manifold pressure 

Carburetor air temperature 
Cooling conditions (air-cooled engines )— 

Cooling-air temperature 

Cowling used 

Cooling-air speed 
Cooling conditions (liquid-cooled engines )}— 

Temperature of cooling liquid: 

Entering cylinder block 
Leaving cylinder block 
Composition and boiling point at atmospheric pressure 
of cooling liquid 

Atmospheric conditions— 

Barometric pressure 

Temperature 

Relative humidity 


Appendix C 


Condensed Statement of Future 
Program 


Full-Scale Engine Detonation Work with Aviation 
Fuels Above 87 Octane Number 


(1) Engine and Test Conditions for Future Full-Scale Work. 
(A) Types of Test for Investigation of Fuels —Tests 
shall, wherever possible, be conducted under both cruis- 
ing and take-off conditions. Tests under cruising condi- 
tions shall be carried out essentially by the Standard 
Method of Test. The severity of operating conditions in 
cruising tests shall be reduced so that reasonably low 
specific fuel consumptions can be attained on each fuel. 
Results which are derived from tests where the head 
temperatures reach a maximum and then drop off will 
be accepted as valid in cruising tests. 

Tests at take-off conditions will comprise muxture- 
control runs made at progressively increasing manifold 
pressure from atmospheric pressure or less to the highest 
boost pressure at which the engine can be operated on 
each fuel with safety. Mixtures will be held very rich for 
the beginning of each curve. Curves of temperature and 
manifold pressure versus horsepower for optimum fuel 
consumption shall be derived by making cross plots from 
the family of mixture-control curves thus obtained. Fuel- 
air ratios shall be determined for each mixture-control 
setting. If it is not possible to secure them for all tests, 
data of values at minimum specific fuel consumption and 
at maximum take-off horsepower are desired. 


(2) 


(3) 


(4) 


(5) 
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(B) Engines—tIn full-scale multicylinder engine tests 
in the higher octane brackets a degree of supercharging 
shall be employed sufficient to stress 100-octane-number 
fuel under take-off conditions. 

In a test program of fuels of 95 to 100 octane number 
at take-off conditions it will be necessary to consider: 
(a) Use of an engine with special superchargers or em- 

ploying additional external supercharging. 

(b) Use of higher compression ratio than is now normal. 

(c) Reducing specific fuel consumptions below those or- 
dinarily used for this purpose. 

(d) Using as much mixture heating as possible by means 
of carburetor air heaters and hot spots. 

(e) Increasing cylinder-wall temperatures by reducing 
cooling air velocity or raising cooling liquid tem- 
perature in the case of liquid-cooled engines. 

A single-cylinder engine ot the full-scale type may be 
used for exploratory work employing essentially the same 
procedure that is recommended for the multicylinder 
engine. Audible knock shall be excluded as a measure 
of detonation, and any test fuel shall be compared with 
its reference fuels at constant conditions, namely, engine 
speed, boost pressure, spark advance, and so on. Data 
secured on such engines shall also be reported to the 
Committee. 


Reference Fuels and Bracketing Test Fuels.— 

The reference fuels shall be technical iso-octane or 
technical iso-octane in blends with low octane number 
(20 octane number) reference fuels provided under 
specifications prepared by the Committee. For tests of 
fuels of higher knock value than technical iso-octane, 
blends will be provided containing up to 6 cc. lead tetra- 
ethyl per gal. and having an anti-knock value equal to 
100 octane plus 3 cc. PbEt, as a minimum. 

In each test, the test fuel shall be bracketed between 
suitable reference fuels which will be available at about 
2-octane-number intervals. 

Range of Fuels.— 

Where possible, tests will be made with diverse types 
of fuels, particularly those of high octane number, and 
also with technical iso-octane plus sufficient lead to render 
it superior to the primary reference fuel iso-octane. 
Test Procedure.— 


In general the test method described in Appendix B of 
this report shall be followed in tests of fuels above 87 
octane number. Additional precautions to be employed 
in connection with those tests should be: 

(a) No abnormal spark advance shall be used. 

(b) Spark plugs shall be selected with particular care 
and no plugs used which will cause any considerable 
amount of after-firing. On the other hand, exces- 
sively cold spark plugs which could not be employed 
in service should not be used. 

Revision of Knock-Test Method.— 

In this study of detonation testing methods applicable 
to the high octane fuels, a sub-subcommittee appointed 
for the purpose is to proceed with the coordination of 
the activities of the several laboratories interested in the 
investigation and possible development of laboratory 
practices yielding results in correlation with full-scale data 
as provided for through the cooperating aircraft engine 
laboratories. 
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Everyman's Airplane—A Move 


Toward Simpler Flying 


By Fred E. Weick 


Senior Aeronautical Engineer, National Advisory Committee for Aeronautics 


HIS paper contains the results of a modest at- 

tempt that has been in progress for the past 
few years to develop certain characteristics in air- 
planes that would make them better suited to gen- 
eral private use. A two-place pusher monoplane, 
the W-1, was constructed as part of this program, 
and later, with the aid of the Bureau of Air Com- 
merce, was modified to include special flaps and 
special ailerons. 


The distinctive technical features fall into four 
main divisions, the first discussing the landing- 
gear arrangement. A stable three-wheel landing 
gear was used that eliminates many of the present 
landing, take-off, and ground-handling difficulties. 


The second division deals with means for ob- 
taining lateral stability and control at low speeds, 
with freedom from the dangers of the stall. 


The third takes up a flap arrangement for ob- 
taining direct and immediate control of the glide- 
path angle to facilitate landing steeply at the 
exact point desired. 


The fourth describes a fairly comprehensive 
investigation into the possibility of simplifying 
control by eliminating either the rudder or the 
ailerons, particularly under adverse conditions 
such as those of precision landings with a cross 
wind. 


{This paper was presented at the Annual Meeting of the Society, 
Detroit, Jan. 16, 1936.] ‘ 

1 See Aviation, July, 1934, pp. 209-211; “The W-1 Airplane’, and Janu- 
ary, 1936, pp. 17-19; “*The W-1A Airplane’, both by Fred E. Weick. 

2M. J. Bamber, T. A. Harris, J. G. Lockstampfer, R. W. Noyes, R. C. 
Platt, R. Sanders, J. A. Shortal, C. J. Wenzinger, and C. H. Zimmerman. 

% See N.A.C.A. 1932 Technical Report No. 428; “Wind-Tunnel Tests of a 
Clark Y Wing with a Narrow Auxiliary Airfoil in Different Positions’, by 
Fred E. Weick and Millard J. Bamber. 

*See N.A.C.A. 1933 Technical Report No. 472; ‘““Wind-Tunnel Tests on 
Combinations of a Wing with Fixed Auxiliary Airfoils Having Various 
Chords and Profiles’, by Fred E. Weick and Robert Sanders. 

5 See N.A.C.A. 1932 Technical Note No. 440; “‘Flight Tests to Determine 
the Effect of a Fixed Auxiliary Airfoil on the Lift and Drag of a Parasol 
Monoplane’’, by Hartley A. Soulé. 


OR the most part airplane designers have striven, and 

striven successfully, for improved performance, but they 

have expended no very great amount of effort to improve 
the handling characteristics of the airplane. This paper de- 
scribes an attempt to design the airplane to fit the man instead 
of just assuming that the man will train and adapt himself 
to fit the airplane. 

In the main, the chronological story of the development has 
been told in two magazine articles.‘ The present paper deals 
in detail with the distinctive technical features and is intended 
to be supplementary to these articles, with no more duplica 
tion than necessary. 

In 1931 I enlisted the aid of several engineers’ of the 
N.A.C.A. staff to make a private study in our spare time of 
the problem of developing the airplane to be more suitable for 
general individual use. We worked with specifications foi 
an “ideal” private airplane and then investigated, largely by 
means of computations, various possible forms of airplane 
that might approach the ideal. Next, we built and tested large 
flight models of three of the more promising torms and, on 
the basis of one of these models (shown in Fig. 1), we de 
signed and constructed the W-1 as the next step in the 
development, starting in the summer of 1932. 

The W-1 was a two-place cabin monoplane with a 75- to 85- 
hp. Pobjoy engine installed as a pusher to give the pilot the 
large field of view that was considered essential. (See Fig. 
2.) The most novel features in addition to the general ar- 
rangement were the stable three-wheel landing gear and the 
fixed auxiliary airfoil ahead of the leading edge of the main 
wing. The latter feature, which is illustrated in the upper 
sketch of Fig. 3, gives a high lift coefficient and a wide 
range of gliding angles with a particularly steep glide at low 
speed**°, In this design the effort was concentrated on 
obtaining simple handling characteristics, particularly in 
landing and taking off; satisfactory stability at all speeds; 
and the ability to get in and out of small fields surrounded 
by obstacles. The airplane was thought of as a test specimen 
with which to investigate these features and no attempt was 
made to get low drag and high speed. 

As construction was being completed the Department of 
Commerce, which had just started its light-airplane develop- 
ment program, became acquainted with the project and re- 
quested that the N.A.C.A. test the plane officially. This 
testing was done in the spring of 1934, and the plane was 
then returned to us. Two of us flew it throughout the fol 
lowing summer, trying out the various features. 
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We had originally desired to make a comparison between 
the landing characteristics of the airplane equipped with the 
auxiliary airfoil and the airplane equipped with a flap, and we 
had also planned to give two-control operation a thorough 
trial. In the fall of 1934 we decided to change from the 
auxiliary airfoil to a special type of flap particularly suitable 
for controlling the glide-path angle in the approach to a 
landing. We also decided to replace the original ailerons by 
a new form called slot-lip ailerons that had just been developed 
at the N.A.C.A. Laboratories*. The slot-lip ailerons were 
considered especially suitable for two-control operation be- 
cause they give practically no adverse yawing moments. The 
ailerons form the lip of a slot through the wing as shown 
in the lower sketch of Fig. 3. Large rolling moments are 
obtained at high lift coefficients and low speeds, particularly 
with the flap deflected, and the slot increases the angle of 
attack at which its portion of the wing stalls, thus improving 
the lateral stability and control at the high angles of attack. 

At this point in the development the Bureau of Air Com- 
merce agreed to purchase the airplane as part of its develop- 
ment program if the modifications were made by an estab- 
lished aircraft manufacturing company. Arrangements were 
then made to have the work done by the Kreider-Reisner Di- 
vision of the Fairchild Aircraft Corp. When completed the 
plane, now designated the W-1A, was again officially tested 
by the N.A.C.A. at the request of the Bureau of Air Com- 
merce. After completion of the N.A.C.A. tests the Bureau 
of Air Commerce kindly gave the two of us who had pre- 
viously flown the plane in its original form an opportunity 
to fly it in its modified form for a sufficient time to make 


®See N.A.C.A. 1935 Technical Note No. 547; “Development of the 
N.A.C.A. Slot-Lip Aileron’’, by Fred E. Weick and Joseph A. Shortal 





Fig. 1 (above)— 
Medel for Glide 
Tests 


Fig. 2 (right)— 
The W-1 


satisfactory comparisons of the flap with the auxiliary airfoil 
and also to try it with the two-control operation. A view 
of the W-1A showing the flap and slot-lip ailerons is given 
in Fig. 4. Following this brief introduction the main dis- 
tinctive technical features will be discussed in some detail. 


Stable Three-Wheel (Tricycle Type) Landing Gear 


Probably the most difficult item in flying present-day con 
ventional air planes is the operation of landing, including the 
approach, the making of contact with the ground and, under 
adverse conditions, the taxiing during the ground run. The 
usual three-point landing is a delicate maneuver requiring that 
the airplane be flown through its minimum speed at the mo- 
ment of contact and then guided straight against the natural 
unstable tendency of the landing gear to turn to one side. 
If the contact is made at too high a speed, the tail must be 
held up at first and the angle of attack increased slowly, or 
the airplane will leave the ground again. If the minimum 
flying speed is passed through while the airplane is still a 
short distance off the ground, it is likely to strike the ground 
very hard. If the brakes are applied too strenuously during 
certain portions of the ground run, the airplane is likely to 
nose over. 

The approach to a particular point on the ground is dif- 
ficult because of the exceedingly small range of gliding angles 
that is available. (This limitation is true even with flaps as 
ordinarily used because they cannot be deflected to produce 
the desired immediate effect on the glide path.) To make 
contact at a given point in the field just as the flight speed 
is being lost requires good judgment, excellent eyesight, and 
considerable skill. Landing cross-wind further complicates 
the problem, for no substantial side drift at contact is allow- 
able lest the airplane tend to 
ground-loop and possibly receive 
a large side load that may cause 
the landing gear to fail. 

The landing operation being 
what it is, the matter of learning 
to fly is largely a matter of learn- 
ing to land, and practically the 
entire time of dual instruction 
before soloing is ordinarily de- 
voted to landing. That landing 
is also of the utmost importance 
from the standpoint of safety may 
be gathered from an analysis of 
the records of the Army, Navy, 
and Department of Commerce, 
which shows that more than half 
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Fig. 3—Sections Through Wings of W-l and W-1A 


of the accidents reported are the result of either bad landings 
or forced landings. 

We consider that one of the first requisites of an airplane 
suitable for general private use is that it be exceedingly easy 
to land. In fact, we endeavored to construct our airplane in 
such a manner that practically no skill would be required 
to land it outside of guiding it to alight in the portion of the 
field desired and that, in addition, very little skill would be 
required for the approach. In our original specifications the 
actual act of making contact with the ground is to be taken 
care of by the airplane itself. If it is landed with the wings 
not too far off level laterally and contact is made at any speed 
up to at least twice the minimum, the landing should be 
safe and the airplane should stay on the ground. The land- 
ing should be satisfactory whether the ship is levelled off in 
the usual manner or the glide is continued straight to the 
ground without levelling off, even with the control stick 
at the full-back position, although the latter method is con- 
sidered an accidental or extreme emergency action and not in 
any sense, as some have assumed, a standard landing pro- 
cedure. Furthermore, it cannot be expected that the landing 
would always be made without damage if the stick were 
held full back throughout the entire approach in extremely 
gusty air. 

In flared landings we expected that the airplane should 


7 See N.A.C.A. 1932 Technical Report No 418; ‘‘Preliminary Investiga- 
tion of Modifications to Conventional Airplanes To Give Non- Stalling and 
Short-Landing Characteristics’” by Fred E. Weick. 





Fig. 4--The W-1A 


Vol. 38, No. 5 


land without damage even though the glide path were flared 
off in any manner whatever from a reasonable gliding speed, 
including full abrupt movement back of the control stick, if 
the flare were started within about 25 ft. of the ground’, 
Furthermore, we specified that the landing gear should have 
no tendency to ground-loop but should tend to continue in 
a straight line unless deliberately turned or, in other words, 
that it should have stable taxiing characteristics, like any 
modern automobile. The landing should be satisfactory if 
contact is made while the airplane is traveling in a cross wind; 
it should require no special maneuvering or handling on the 
part of the pilot; and it should produce no excessive side 
loads on the landing-gear structure. Last, it should be prac- 
tically impossible to nose over, even if a landing is made with 
the brakes fully applied and held during the entire run. 

Summarizing the specifications with regard to landing 
characteristics we have: 

(1) The landing should be safe practically regardless of 
how, or if, the flight path is levelled off at contact. 

(2) Landing should be satisfactory if contact is made at 
any speed up to at least twice the minimum, and the air- 
plane should have no tendency to leave the ground after 
contact has been made. 

(3) The landing gear should have stable-taxiing and easy- 
steering characteristics, being entirely free from ground-loop- 
ing tendencies. 

(4) Drift landings should be possible without incurring 
excessive side force on the landing-gear structure. 

(5) The airplane should be practically impossible to nose 
over even with poor terrain and full and continuous applica- 
tion of the brakes. 

The first specification requires, among other things, that 
the landing gear have excellent shock-absorbing character- 
istics. Few conventional airplanes have shock absorbers of 
sufficient capacity for this purpose, but this factor is merely 
a matter of judgment on the part of the designer as to the 
amount of shock absorption that is desirable. The other 
four specifications can not be met by airplanes having con- 
ventional landing gears with two fixed wheels just ahead 
of the center of gravity and a tail skid or swiveling tail wheel 
well behind it. The present form of conventional landing 
gear seems to have developed as the most obvious and eco- 
nomical means for providing support for, and giving propeller 
clearance to, a tractor airplane with the engine in the nose 
of the fuselage. 

Some of the earliest airplanes had arrangements that would 
take care of specifications (2) and 
(5); for example, a Curtiss 
pusher built in rgro had a land- 
ing gear with three fixed wheels, 
two somewhat behind the center 
of gravity and one well ahead, 
which would practically eliminate 
the possibility of nosing over. 
When all three wheels were on 
the ground, the wing was at a 
relatively low angle of attack and 
could not support the weight of 
the airplane unless it was moving 
at a speed well above its mini- 
mum gliding speed. This land- 
ing gear met part of specification 
(3) in that it had no tendency 
to ground-loop, but the airpkane 
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was decidedly difficult and awkward to steer on the ground for 
it was necessary to lift the nose wheel by means of the elevator 
while the turn was being induced by means of the rudder. 
With three fixed wheels the gear did not meet specification 
(4) for a landing with a large amount of drift at contact 
would put excessive side load on the landing-gear structure. 
The three fixed wheels tended to make the airplane suddenly 
change its course and take the direction in which it was 
headed rather than the direction in which it was traveling. 

In 1930 the Stout Sky Car was built with a landing gear also 
meeting specifications (2) and (5). The wing was at a low 
angle of attack when the airplane was resting on the ground. 
As first built it resembled a conventional landing gear with 
a swiveling tail wheel at the rear of the fuselage, except that 
the two main wheels were directly in line with the center 
of gravity and a skid was placed under the forward portion of 
the body to prevent nosing over. Later a fixed nose wheel 
was put under the front of the fuselage in place of the skid, 
but the three fixed wheels were much shorter coupled than 
those of the 1910 Curtiss pusher and so nosing over would 
not be quite so unlikely. The Sky Car landing gear, like that 
of the Curtiss pusher, only partially met specification (3) and 
failed to meet specification (4). 

Inasmuch as there seemed to be no landing gear that had 
all the features required in our specification we set out to 
design one. We felt that the 1910 Curtiss type, if provided 
with effective shock absorbers, would satisfy all the specifica- 
tions previously set forth except (3) and (4) and, according 
to our analysis of the problem, these items could be satisfied 
if the front wheel were made steerable and provided with a 
stable castering arrangement. The three-wheel landing gear 
with two fixed wheels behind the center of gravity and a 
stable castering wheel ahead is stable in taxiing; that is, it 
tends to go straight like a well-designed automobile and must 
be deliberately turned or influenced by some outside force in 
order to deflect it from its course. The ground-looping 
tendency of the conventional landing-gear arrangement is 
entirely absent. 

With the stable landing gear drift landings give no dif- 
ficulty. Fig. 5 illustrates a landing gear of this type, as well 
as one of conventional type, in three stages of a drift land- 
ing in a cross wind, it being assumed that the air controls are 
not used in the usual manner to turn the airplane to head 
along its flight path and keep the wings level at the instant 
of contact. In the lower figure the airplane is in each case 
approaching in a glide and is headed to the left in order 
to neutralize the effect of the wind and to keep the actual 
flight path along the runway. In the center figure, which 
represents the conditions just after contact has been made, 
it will be noticed that the castering front wheel of the stable 
gear has turned to follow the direction of motion. The line 
of the resultant inertia force of the airplane acting forward 
through its center of gravity is offset from the resultant of 
the friction forces on the rear wheels, causing a turning mo- 
ment tending to head the airplane with the stable gear into 
the direction in which it is traveling. This action starts as 
soon as the rear wheels touch the ground and continues re- 
gardless of whether the front wheel is on the ground or not, 
as has been well borne out in the trials of the W-1 in cross- 
wind landings. With the conventional landing gear having 
its center of gravity behind the two fixed wheels, the turning 
moment is in the opposite direction and tends to head the 
airplane farther away from its direction of motion, or to start 
a ground loop. The conventional landing gear with the 


center of gravity behind the main wheels is unstable under 
these conditions and tends to increase the side load to an 
excessive value, whereas the stable gear relieves the side load 
by allowing the airplane to head along its direction of motion. 

The castering stability of the front wheel is an interesting 
problem in itself. In the case of the small airplane it is 
probably most desirable for the front wheel to be steerable 
and that it be controlled by the rudder pedals, or with two- 
control operation possibly by a wheel on the control column. 
To be satisfactory the front wheel must caster so as to be 
stable in itself, but the castering stability must not be too 
great or an undesirably large effort will be required to make 
a turn when taxiing at a fair speed. The stability can be 
obtained by swiveling the wheel and centering it in such a 
manner that the center of the area of contact with the ground 
lies to the rear of an extension of the swiveling axis. (See 
Fig. 6). This is accomplished either by sloping the axis 
upward and to the rear as shown in A of Fig. 6, which was 
the method adopted for the W-1, or by the usual castering 
arrangement with a vertical axis of rotation located ahead 
of the wheel axis as shown in B. The relation between the 





STABLE LANDING GEAR CONVENTIONAL LANDING GEAR 


y 








. GROUND RUN ° 
N 
‘ 
a 
= 
z 
@\ 
% x 
w — 
8 sale INERTIA FORCE- 
w. a 
c 6~ 
wind... JUST AFTER 
CONTACT 





RESULTANT GROUND FRICTION 
OF MAIN WHEELS 
e 


—R . 
s 
RK DIRECTION OF . 

| MOTION 
K s 
APPROACHING -— . 


Fig. 5—Diagram Illustrating Drift Landings with Stable 
and with Conventional Landing Gears 














hhh hhh hh hhh 


77) 





castering stability and its damping against rotational move- 
ment (due to the tire being supported over an area on the 
ground rather than at a point, and also to the friction in 
the swiveling bearings) is also important, for some arrange- 
ments have been known to oscillate or “shimmy” violently. 
No difficulty has been experienced with the arrangement used 
on the W-1, which has a 16-in. diameter air wheel supported 
by means of a straight fork leaning back at an angle of 20 
deg. to the vertical. For larger diameter wheels it would 
probably be desirable to flare the fork forward to some extent 
as is done in the case of the bicycle (C in Fig. 6), in order 
to prevent the castering stability from becoming excessive. In 
this connection a combined analytical and experimental treat- 
ment of the problem of the stability and oscillation character- 
istics of castering wheels that are used either as front wheels 
of stable landing gears or as conventional tail wheels, seems 
highly desirable. 

In the landing illustrated in Fig. 5 it is assumed that all 
three wheels make contact together. With the stable-caster- 
ing nose wheel, however, landings with drift give no dif- 
ficulty regardless of whether the front wheel or the rear 
wheels make contact first. If the rear wheels make contact 
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Fig. 6—Stable Castering Front Wheels 


first and the airplane runs along a certain distance with the 
front wheel still in the air, the plane turns and heads along 
its direction of motion because of the moment due to the 
displacement between the resultant inertia and friction forces. 
When the front wheel makes contact it follows the motion 
of the nose of the airplane and the stabilizing couple is free 
to do its work in substantially the same manner. This con- 
dition is true even if the front wheel is steered by means of 
the rudder bar for we found that, if the airplane were drift- 
ing sidewise while landing, the front wheel would turn 
momentarily (and flick the rudder bar) as contact was made, 
sufficiently to allow the heading of the plane to change even 
though the pilot’s feet were kept on the rudder bar and were 
continuously guiding the plane. 

The low angle of the wing when an airplane with this type 
of landing gear is on the ground (0 deg. in the case of the 
W-1) improves the characteristics in two distinct ways in 
addition to permitting high-speed landings. One point is 
that greater load is carried on the wheels throughout the 
landing run, enabling more braking force to be obtained. The 
other is that the large reduction of lift on the wing reduces 
greatly the effect of cross winds in producing large rolling 
and yawing moments. This advantage is particularly im- 
portant in improving the pilot’s control in landing and taxiing 
in strong cross winds. 

Because there is no danger of nosing over, the brakes can 
be applied fully before contact and held during the entire 
run. In fact, additional braking effect can be obtained in 
emergencies by landing with the t kes full on and deliber- 
ately setting the airplane down hard, say with a vertical 
velocity of ro ft. per sec. The wheels will then be pressed 
onto the ground with a force 2 or 3 times the weight of the 
airplane for a certain period of time and the braking or re- 
tarding force will be increased correspondingly. This action 
materially reduces the landing run even though the additional 
braking effect is only momentary, because the effect is acting 
during the high-speed portion of the run at which time the 
energy dissipation with a given retarding force is greatest. 

For example, if an airplane or automobile traveling 50 
m.p.h. is brought to a stop by a constant braking force and, 
therefore, a constant deceleration, it will take the same time 
to change from 50 to 40 m.p.h. that it will require to change 
from 10 to o m.p.h., but 9 times the distance is required to 
reduce the speed from 50 to 40 m.p.h., as is needed from 
10 toom.p.h. As an example of the effectiveness of the brak- 
ing obtained in this manner, one entirely satisfactory landing 
was made with the W-1 in which the air speed at contact 
was 75 m.p.h., the wind about 15 m.p.h. and the ground run, 
following a contact purposely made hard with brakes full 
on, was only 150 ft. 
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Because the airplane can be flown onto the ground with- 
out difficulty at speeds well above minimum and a powerful 
braking effect obtained throughout the entire ground run, 
landings can be made down-wind without difficulty and with- 
out requiring an excessive distance. Both landing and taxiing 
are thus, in general, much more independent of the wind than 
with conventional landing gears. 

As in the case of the conventional landing gear the posi- 
tion of the main wheels is fairly critical, but for different 
reasons. If the main wheels are too far behind the center 
of gravity, the take-off requires a heavy backward pull on 
the control stick and cannot be made until a speed well above 
the minimum speed has been reached. In addition, the 
tendency to pitch forward in a hard landing is more severe. 
If the ability to take off at minimum speed is desired, the 
down-load on the tail at that speed must be sufficient to 
raise the nose to the extent that the maximum lift attitude can 
be attained. In order to do this the tail. down-load must 
overcome the moment that is caused by the fact that the 
center of gravity is located ahead of the wheels, and it must 
also overcome the thrust moment. These conditions limit 
the distance that the wheels can be placed back of the center 
of gravity. On the other hand, the wheels must be far 
enough to the rear so that the airplane has no tendency to 
tip back on its tail when standing on the ground with any 
loading or wind condition. There was no difficulty in the 
case of the W-1 in finding a satisfactory wheel location, but 
there was not a large range from which to choose. 

The design side loads for conventional landing gears do 
not necessarily apply to the stable three-wheel arrangement 
because the stability relieves, to a substantial extent, the side 
load due to drift or incorrect attitude at contact. The largest 
side load might quite possibly be that caused by a deliberately 
controlled turn. A comprehensive analysis of the side loads 
likely to be incurred is desirable. 

The front wheel probably will always require a more ef- 
fective shock-absorbing unit than that of the conventional 
tail wheel. This requirement can be determined by an anal- 
ysis considering the various possible landing conditions. 

Although this type of landing gear was developed for the 
small private airplane it is readily adaptable to larger planes 
of the transport type. In fact, the general arrangement of 
modern twin-engine transports seems ideal for the installa- 
tion of this type of gear. The two main wheels would be 
installed in practically the same manner as at present, except 
that they would be moved back to approximately the center 
of the wing. The front wheel can be supported by and re- 
tracted into the long nose of the fuselage. 

The type of steering control used on the ground requires 
some study for the case of the large transports. In the case 
of the small plane it is probably desirable that the front wheel 
be controlled by the rudder pedals. With a large transport 
airplane it is not likely that the front wheel could be turned 
by hand with a satisfactory control force unless some type 
of servo or power control were used. The simplest and most 
satisfactory ground steering arrangement for present use 
would probably be obtained by allowing the front wheel to 
caster freely (or restraining it by light springs to keep it lined 
up fore and aft when the plane is in the air) and steering on 
the ground by means of the rudder and differential brakes as 
is now done with the conventional gears. 

Although in a landing the nose will always tend to come 
down and the plane will land on all three wheels regardless 
of how the landing is made and even if the stick is held full 
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back (assuming the rear wheels to be properly located), it is 
possible with the W-1 to scrape the tail lightly on the ground 
just before the wheels make contact in the most extreme tail- 
down landing. This contact gives rise to only a very small 
load and a tail skid of the usual type is not required, but the 
part of the airplane that makes contact with the ground 
should, of course, be substantial so that it will not dent or 
tear. In normal landings the tail will not make contact. 
The front wheel with its supporting structure is likely to 
weigh somewhat more than the present tail wheel, but some 
weight should be saved in the main wheel installation, which 
is located under the middle portion of the wing chord in- 
stead of below the leading edge of the wing. Furthermore, 
even if the total weight should be slightly greater, it seems 
almost certain that the airplane could operate from smaller 
fields with a stable landing gear than with a conventional one. 


Stability and Control at All Speeds 


An airplane that is suitable for general use should cer- 
tainly be stable and free from queer or treacherous handling 
characteristics at all speeds and angles of attack which can be 
maintained in flight. The stability of a conventional airplane 
is satisfactory, or can be made so by well-known means, 
throughout the entire range except for the low speeds cor- 
responding to angles of attack near and above that of maxi- 
mum lift coefficient. In stalled flight, however, the in- 
stability is likely to be very violent. The subject of stability 
in stalled flight has been actively studied for about 15 yr., and 
it was realized early that the most important factor causing 
instability and difficulty of control at angles of attack above 
the stall is the disappearance of the damping in roll as the 
maximum lift coefficient is passed, and the appearance instead 
of autorotational moments. 

A recent mathematical analysis combined with data from 
both flight and wind-tunnel tests* has led us to the conclusion 
that, in order to be adequately controllable, an airplane must 
have some damping in roll. We realize that it is possible to 
get a delicate balance of the resistance derivatives that indi- 
cates a stable condition according to the accepted theory based 
on small oscillations, even though a small amount of negative 
damping in roll may be present. Our study indicates, how- 
ever, that with the large and sudden changes that occur with 
burbled flow (started possibly by gusts or by controlled mo- 
tions), the motions of the airplane are likely to become so 
violent as to be at least momentarily uncontrollable if there 
is no direct damping in roll. This information leads to the 
simple basic principle that the only certain means of over- 
coming stability and control difficulties due to the loss of 
damping in roll is to arrange that the wings, or at least their 
up portions, which govern the rolling moments, remain un- 
stalled. 

The application of this principle brings in the relation 
between the longitudinal stability and control, and means 
that the airplane must have longitudinal stability and tend 
to balance at an angle of attack definitely below the stall with 
the full tail-depressing longitudinal control in use. This con- 
dition need not necessarily apply to the entire wing, but at 
least the outer or tip portions must retain a positive slope of 
the lift curve in order that the airplane may have damping in 
roll. 


§N.A.C.A. 1936 Technical Report in preparation; “‘The Effect of Lateral 
Controls in Producing Motion of an Airplane as Computed from Wind 
Tunnel Data’, by Fred E. Weick and R. T. Jones. 

_*See British Aeronautical Research Committee 1935 Report and Memo 
No. 1660; ‘Slots and Interceptors in Spins’, by S. B. Gates, H. B. Irving, 
and R. P. Alston. 
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It is desirable that the airplane not only be stable and con- 
trollable in a glide with the stick full back, but that it also 
retain the ability to fly in this manner in gusty air or under 
the conditions in which the control stick is brought back sud- 
denly, causing a whip stall. In addition, it is desirable that 
there be no possibility of getting the airplane into a spin. 

Flight tests with a number of conventional airplanes have 
been made in which the upward travel of the elevator was 
limited in successive small steps to such a point that the air- 
plane could not be forced into a spin by means of any 
maneuver however violent’. This limitation resulted in a 
small sacrifice in minimum speed, the values ranging be- 
tween o and 2 m.p.h. for the airplanes tested. If a whip stall 
was made with the limited elevator control, the strong static 
longitudinal stability occurring in the stalled range pitched 
the nose down and the airplane went back into unstalled 
flight before any possible autorotational moments had time 
to influence the lateral position of the ship. It is difficult to 
determine the exact amount of limitation required to insure 
against momentary stalling difficulties due to gusts, but it 
seems reasonable that, if there is sufficient margin so that 
the airplane cannot be forced into a spin, gusty air should 
give no particular trouble in causing instability due to stalling. 
Under gusty air conditions, however, the rate of descent is 
likely to increase suddently to a dangerously large magnitude 
unless sufficient reserve speed is maintained with which to 
overcome the effects of the gusts. 

Limiting the upward elevator travel of a conventional air- 
plane to prevent spinning entails two disadvantages: 

In the first place, it is likely to cut down the available 
elevator control desired for landing and, in the second place, 
it is usually impossible to limit the elevator to such an extent 
as to eliminate the lateral instability and the possibility of 
spinning when the engine is operated at full power. This 
difficulty is because the conventional airplane balances at a 
much higher angle of attack with power on than with power 
off and, with the elevator limited to the power-on condition, 
power-off flight in the medium and low-speed range is not 
ordinarily possible. 

One method of overcoming these disadvantages is to pro- 
vide a device such as the Handley Page-Lachmann slot for 
continuing the lift of the wings, or at least the outer portions 
of the wings, up to higher angles of attack. This provision 
will, in most cases, permit sufficient longitudinal control for 
airplanes with conventional general arrangements but, inas- 
much as practically all slotted airplanes can be spun if they 
have sufficient elevator control®, it is still necessary that the 
longitudinal control be insufficient to maintain the outer por- 
tions of the wings in the stalled state. The original W-1l 
was equipped with a fixed auxiliary airfoil over the entire 
span and it stalled at a high angle of attack, 25 deg. The 
general arrangement of the W-1, with a pusher propeller 
having a high thrust axis, enables a single limited elevator 
position to serve for both the power-on and power-off condi- 
tions. The airplane with the stick full back at the limited 
position balanced at the same speed with power on and 
power off. In the single-engine design we found it con- 
venient to support the tail on two booms, but it would be 
possible to use a fuselage if the propeller were raised some- 
what. The fuselage arrangement would fit in very satis- 
factorily with a twin-engine design having two pusher pro- 
pellers. 

Complications arise if the center-of-gravity position changes 
a large amount with different airplane load conditions. If 
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a single elevator stop is used, it must prevent sustained 
stalling with the most tail-heavy load condition, and the 
elevator control with the most nose-heavy condition is almost 
certain to be insufficient to obtain the minimum speed other- 
wise available. If the minimum speed is to be obtained with 
each loading condition, it is necessary to provide adjustable 
elevator stops, but this is a decided disadvantage for the pilot 
must remember to set them properly. 

In the W-1 we overcame these difficulties by providing that 
all loading conditions gave practically the same center-of- 
gravity location. The rear passenger was located approxi- 
mately on the center of gravity and the gasoline was carried 
in two wing tanks in line with the center of gravity. The 
only variation was due to the variation in weight of dif- 
ferent pilots, and this gave a movement of the center of 
gravity of less than 2 per cent of the wing chord. A single 
elevator limitation was, therefore, entirely satisfactory. The 
lateral stability was adequate at the lowest speeds, and the 
aileron control was fair but not perfectly satisfactory because 
of the very evident adverse yawing effect. We finally ar- 
rived at a practice, however, of flying the airplane at any 
speed and attitude desired, including occasional stretches with 
the stick full back during approaches to precision landings, 
with a comfortable feeling of security and freedom from the 
treacherous effects of stalled flight. 

We consider that the elimination of stalling with power 
full om is an important step toward safety. Accident records 
show that a goodly number of accidents can be attributed to 
stalls occurring with power full on, In this connection we 
consider it undesirable for an airplane to be capable of sink- 
ing in straight flight at low speed with power full on. In 
the case of the W-1 when the stick was held full back to the 
limited position with power full on, a substantial climb at a 
very steep attitude was obtained; and this climb was reduced 
by throttling through the level flight range to a very steep 
glide with power full off, all at the same air speed. In our 
flights we found this characteristic highly satisfactory. 


With the limited uptravel of the elevator, short take-offs 
were made by merely holding the stick full back and open- 
ing the throttle. By the time the plane had climbed to 40 
or 50 ft., it was pointed up in an uncomfortably steep attitude 
and we felt inclined to move the stick forward and change 
to a more normal climbing position. 

When the airplane was modified to the W-1A with con- 
trollable flaps in place of the fixed auxiliary airfoil, new prob- 
lems arose in connection with the elevator control limitation. 
With sufficient elevator power to provide balance at the de- 
sired low but unstalled speed when the flap is down in the 
range of landing positions, the elevator control is more than 
sufficient to stall the central portion of the wing when the 
flap is up in the cruising position. This condition is taken 
care of by the slot-lip ailerons, the slot action of which keeps 
the outer portions of the wing unstalled and provides stability 
and control with the stick full back. 


Control Simplifications 


Although with our landing gear and our provision for 
satisfactory stability and control at the lowest speeds the 
duties of the pilot in handling the airplane have been con- 
siderably simplified, particularly in take-off and landing, it 
is evident that further more direct steps could be taken to 
simplify the control. Two such methods of control simplifica- 
tion have been tried on the W-1A, one concerning the glide 
path in the approach to a landing and the other, the elimina- 
tion of one of the three air controls. 

Control of glide path—The auxiliary airfoil, by providing 
a large range of glide angles in the approach to a landing, 
facilitated making contact at the spot selected, but an unde- 
sirable lag in changing the steepness of the glide was found 
to exist because of the fact that a change in the flight-path 
angle was accompanied by a change in speed. With a fixed- 
wing arrangement the steepest glide is obtained at the lowest 
speed, and the flattest glide at a definitely higher speed. In 
the approach to a landing if the pilot desires to steepen his 
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gliding angle he must change to a lower speed, which entails 
dissipating excess kinetic energy. This action gives the plane 
a certain amount of extra lift and makes it climb above the 
desired flight path for a moment instead of assuming the 
desired steeper glide at once. If, on the other hand, the plane 
is gliding steeply and the pilot desires to flatten his flight path, 
the plane must first be nosed down to pick up the extra speed 
required, and considerable altitude is lost before the flight 
path is actually flattened. Thus, in order to maneuver the 
airplane to the desired landing place, the pilot must always 
anticipate these delays in response. This job is likely to be 
particularly difficult in maneuvering to land steeply over an 
obstruction with the minimum possible clearance. This weak- 
ness in the control of the gliding angle is found in all air- 
planes, particularly those having high-lift wings and including 
those equipped with flaps as used to date. 

An example of this condition is shown in Fig. 7 which 
gives the results of N.A.C.A. flight tests concerning this point 
with an F-22 airplane having easily operated balanced split 
flaps*®*. The flight path and change of attitude of the air- 
plane were obtained from the ground by means of a record- 
ing phototheodolite. The curves show the flight paths fol: 
lowing sudden flap deflection and the upper one starts with 
the airplane gliding at its steepest possible angle with the 
flap full out. The pilot retracted the flap in order to obtain 
a flatter glide, but at first the lift with the flap retracted was 
insufficient and the airplane dropped below its original flight 
path until it had picked up additional speed. It finally at- 
tained the desired flatter glide but did not cross the original 
flight path and start in the direction desired until it had gone 
a distance of 850 ft. from the start of the maneuver and lost 
230 ft. in height. 

In the lower curve the airplane started from a steady flat 

glide with the flap up, and the flap was put down suddenly in 
order to steepen the glide. In this case the airplane at first 
rose above its original flight path until the extra kinetic 
energy had been dissipated, and it traveled 795 ft. before the 
original flight path was crossed and the path changed in the 
direction desired. These tests were repeated with larger 
amounts of time used for deflecting the flap but the horizontal 
distance required finally to obtain the desired change in the 
flight path was in all cases in the neighborhood of 800 ft. 
_ The best solution to the problem of glide-path control used 
in the past has apparently been obtained by the use of air 
brakes giving drag only, such as strut fairings that can be 
turned broadside to the air flow, but these devices give but 
a relatively small increase in drag and would not greatly af- 
fect the steepness of the glide path of an airplane traveling 
slowly with high-lift wings. With a completely reliable 
powerplant installation, possibly with a satisfactory arrange- 
ment having two or more engines, the throttle would provide 
a good means of glide-path control, particularly if the air- 
plane had a steep glide path with power off and if it trimmed 
at approximately the same speed with all throttle settings. 
With an airplane having a single present-day engine, how- 
ever, the powerplant cannot be considered reliable enough 
for this purpose and other means must be employed. 

In modifying the airplane to the W-1A version, it was fitted 
with a special slotted flap designed to serve both as a high-lift 
device and as an air brake which, with proper airplane trim 
arrangement, would give changes in drag only at a constant 
lift coefficient and air speed. A large range of flap angles, 


1 See N.A.C.A. 1935 Technical Note No. 548: “Flight Tests of a Balanced 


_, Flap with Particular Reference to Rapid Operation”, by Hartley A. 
Soulé., 
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Fig. 8—Polar Curves from Wind-Tunnel Tests with a 
Flap Suitable for Direct Glide Control 


giving substantially the same lift but widely different values 
of drag, were to be available for the landing operation. With 
a correctly arranged slot and a flap of good airfoil section, 
a relatively high lift can be obtained at a low flap deflection 
(say 20 deg.) and a correspondingly low drag. As the flap 
angle is increased further, the drag is increased and, with 
the proper hinge axis and resultant slot shape variation, the 
lift coefficient maintains at least its previous value with flap 
deflections up to from 60 deg. to go deg. The pitching mo- 
ment need not change greatly within this range of flap angles. 
Fig. 8 shows polar curves from wind-tunnel tests of a flap 
suitable for this purpose. 

In the modification of the W-1 model, the original wing 
structure was used necessitating a compromise in the airfoil 
section, and the characteristics obtained were not quite as 
satisfactory as those indicated in Fig. 8. The flap was con- 
trolled by a lever which was deflected forward with the flap 
up in the cruising and general flying position. It was pulled 
back part way to a ratchet to hold it in the low-drag landing 
position. Beyond this point there were no ratchets to the end 
of the stroke and the flap could be moved within the entire 
landing range (flap deflections of 23 to 60 deg.) in order to 
adjust the drag, and therefore the flight path, in the landing 
approach. The airplane was arranged to balance at approxi- 
mately the same speed with all flap settings within the land- 
ing range by means of a simple spring or bungee, with the 
same adjustment for all positions. It was intended to make 
this adjustment exact throughout the entire range of flap 
angles and to compare the adjustment giving balance at a 
single given speed throughout the range of flap positions with 
one giving a slight variation in speed, the airplane balancing 
at a slightly higher speed with the flap down than with the 
flap up. This arrangement would help to accelerate the air- 
plane to the new glide-path angle when a change was desired. 
The control system had too much friction in it for this delicate 
adjustment, however, and for the time being we found it 
necessary to leave out these fine distinctions. 

We had designed this arrangement with a special type of 
landing in view. With the flap deflected for the landing con- 
dition, the airplane balances at a definite speed just enough 
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above the minimum to enable the flight path to be levelled 
off with upward deflection of the elevator. The approach is 
made at this speed with practically no force on the elevator 
control stick and is started with the flap deflected part way 
through the landing range. (If the perfect balance desired 
had been obtained, the control stick could be left entirely free 
during the approach glide.) The glide angle is then in- 
creased or decreased by means of the flap, corrections for 
initial errors in judgment and changes due to variation in 
wind being made in such a manner as to have the airplane 
make contact at the point desired. The response in change 
of glide angle was found to be immediate in either direction, 
the entire approach being made at essentially the same speed. 
With this speed the airplane had sufficient reserve kinetic 
energy at all times to overcome the effects of the gusts en- 
countered in our trials. As the airplane approaches the ground 
the elevator control is pulled back, flattening the flight path 
for general contact. The flattening operation is not critical on 
account of the long-stroke shock absorbers and the landing- 
gear arrangement, almost any flare within reason giving a 
satisfactorily smooth landing. 

It appears that special use can be made of a sudden flare if 
properly made, for the airplane whips up to an abnormally 
high angle of attack, and a lift coefficient decidedly above 
the value that can be obtained in steady flight is obtained 
momentarily’® **, resulting in a reduced landing speed. 

The W-1A was officially tested by the N.A.C.A. for the 
Bureau of Air Commerce largely to learn whether the opera- 
tion of the glide control flap and the operation with only two 
“1 See N.A.C.A. 1930 Technicel Report No. 364; “The Pressure Distribu- 
tion over the Wings and Tail Surfaces of a PW-9 Pursuit Airplane in 
Flight”, by Richard V. Rhode. 

12 See British Aeronautical Research Committee 1935 Report and Memo 
No. 1648; “Reaction on a Wing Whose Angle of Incidence Is Changing 


Rapidly—Wind-Tunnel Experiments with a Short Period Recording Bal- 
ance’, by W. S. Farren. 


air controls were feasible with the airplane. After both were 
found feasible and the N.A.C.A. tests were finished, two of 
our group, Mr. R. C. Platt and I, both of us inexperienced 
fliers, were kindly permitted by the Bureau of Air Commerce 
to make our own trials. The purpose of our trials was to go 
a step further and draw conclusions as to the desirability of 
incorporating these features in airplanes for private flying. 

In our first trials of the glide-control flap we found the 
simultaneous operation of the flap lever and the control stick 
rather awkward but, after a few landings, the operation be- 
came easy and apparently natural. After a large number of 
trials we found it relatively easy to land consistently within a 
few feet of a particular point. We concluded that the type 
of landing described is entirely satisfactory and practical as 
a standard procedure with this type of flap arrangement and 
that, although maneuvering the W-1 (having the auxiliary 
airfoil) to land at a given point was not unduly difficult, it 
was definitely easier, more direct, and more satisfactory with 
the W-1A having the-glide-control flap. 

Elimination of one air control—It seemed to us that the 
elimination of one of the three air controls would almost 
certainly improve the airplane for private use if no compensat- 
ing disadvantages were found to exist. Obviously it would 
be easier to learn to coordinate two controls than three, and 
the time required to learn to fly would be reduced. With 
simpler flying characteristics the present continuous practice 
required of pilots should also be reduced. In addition the 
safety should be improved, for crossing the controls is in our 
opinion responsible for a number of accidents, particularly 
in turns close to the ground in a strong wind. The difficulty 
is apparently that the pilot, particularly if inexperienced, may 
confuse the flight path and attitude with respect to the ground 
and those with respect to the air. 






























L2- 
on ae ee ANGLE FREE ANGLE 
OF OF BANK 
/ BANK !.OF 
ru, ‘ 
Br 
q 
F , 6b BANKING 
gsin@ ; CONSTRAINT. 
4F 
P “YAWING 
RATE OF of \ LY END OF MANEUVER 
9g YAWING Sf WW 
6 SES YAWING =— SQ 
9 KEE CONSTRAINT = \ KY 
i 2 3 4 5 6 
TIME, SECONDS 
Q “AVERAGE AIRPLANE", S° DIHEDRAL 
CL* 1.0, Ue=95 FT./sec. 
Vee (a (A) FREE ANGLE OF BANK WHEN CONSTRAINED IN YAWING 
or (B) FREE YAWING WHEN CONSTRAINED IN BANK. 
Banked Airplane with Zero i aia ee See ge ee ee aes - 
Sideslip Fig. 10—Two-Control Turn Maneuver—-30-Deg. Bank 


Vol. 38, No. 5 








EVERYMAN’S AIRPLANE 185 


If, in making a down-wind turn, the airplane had but two 
controls and the proper stability to turn satisfactorily with 
them, the control-crossing difficulty would obviously be elimi- 
nated. In addition, if the longitudinal stability and control 
were so related that the airplane could not be maintained in 
a stall, it would seem that the entire down-wind-turning bogey 
might be done away with. 

Because of the elimination of the possibility of crossing the 
controls, two-control operation also promises to make blind or 
instrument flying safer and more readily learned. 

Several early airplanes were built with only two controls, 
including the Langley Aerodrome and certain of the early 
Fokker monoplanes. A modern example is Mignet’s Pou du 
Ciel. All of these examples used the rudder as the turning 
control and, although there are several examples of modern 
airplanes that can perform turns satisfactorily with the eleva 
tor and ailerons only, | know of no two-control airplane that 
has used the elevator and aileron combination exclusively. 

In 1932 and 1933 flight tests were made by the N.A.C.A. 
with a Fairchild 22 monoplane that showed that, as far as 
ordinary air maneuvers are concerned, two-control operation 
is feasible with either the elevator-rudder combination or the 
elevator-aileron combination if the airplane has the proper 
stability characteristics’*. It was found that the elevator- 
rudder combination operates satisfactorily if the wing has 
sufficient dihedral, and the elevator-aileron combination, if 
the airplane has sufficient directional stability. Landings and 
take-offs were not made with only two controls, however, for 
the pilots considered the landings and take-offs unsafe with 
the conventional unstable landing gear. It would, of course, 
be particularly unsafe to land in gusty air or in a cross wind 
with only two controls in an airplane with a conventional 
landing gear. Another point in this connection is that with 
the conventional landing gear the rudder is desirable for di- 
rectional control during ground operation. 

We originally designed the W-1 with the hope of giving 
two-control operation a sufficiently fair and thorough trial to 
settle, in our own minds at any rate, whether the use of only 
two controls is practicable and desirable, at least in the field 
of private flying. We believed that the stable three-wheel 
landing gear with steerable front wheel would take care of 
the landing and take-off difficulties and would make the air- 
plane particularly suitable for the purpose. 

Among other items, we wanted to try both the elevator- 
rudder and the elevator-aileron combination to see which, it 
either, was the better. Although the other two-control air- 
planes had used the elevator-rudder combination, the N.A.C.A. 
flight tests indicated that under certain conditions the elevator 
aileron combination is superior. The rudder is satisfactory for 
smooth turns but, if it is applied suddenly, the airplane will 
at first yaw decidedly more than it will roll. A case where 
this action is unsatisfactory is that of a landing approach in 
gusty air. If a wing drops and the rudder is applied suddenly 
to raise it, the airplane will be displaced farther in yaw than 
in roll and, when levelled, it will be headed decidedly off the 
desired course. In this case the ailerons would give roll 
directly with relatively little yawing motion and, when the 
wing was brought level, the airplane would still be headed 
close to its original course. On the other hand, a disad- 
vantage of conventional ailerons as the sole means of lateral 


13 See N.A.C.A. 1934 Technical Report No. 494; “A Flight Investigation 
of the Lateral Control Characteristics of Short Wide Ailerons and Various 
Spoilers with Different Amounts of Wing Dihedral’, by Fred E. Weick, 
Hartley A. Soulé, and Melvin N. Gough. 

_4 This work was done with the collaboration of Mr. R. T. Jones of the 
N.A.C.A. Staff. 


control is that they lose their control near the stall to a 
greater extent than does the rudder. 
Mathematical analyses of a few of the aspects of the two- 
control problem™ have helped to shed some light on the type 
ot control most suitable as well as the airplane stability char- 
acteristics desirable. For a sideslip—free entrance to a turn— 
the effect of centrifugal force tending to make the airplane 
sideslip outward, or skid, must be exactly offset by the 
tendency to slip inward due to the component of gravity 
acting because the airplane is at an angle of bank. (See Fig. 
9.) In terms of accelerations this relation is: 
ro = g sing 

where 
r is the yawing angular velocity 
u. is the longitudinal velocity 
g is the acceleration due to gravity 
g is the angle of bank 


The relation shows that the rate of yawing should be 
proportional to the angle of bank at each instant for no side- 
slipping to occur. If it is attempted to turn the airplane be- 
fore banking it, the above relation can not be approximated 
as well as if the machine is first caused to roll and then caused 
to turn as the bank angle builds up. 

On the basis of theoretical relations the conclusion is 
reached that the best turning control for a two-control air- 
plane of average form would be some form of aileron or other 
rolling control giving sma!l yawing moments. 

Fig. ro gives the results of step-by-step computations for a 
parasol monoplane having average stability characteristics ex- 
cept for a dihedral angle of 5 deg. which is included in order 
to get effective roll from the rudder. It is assumed that the 
airplane is put through an arbitrary quick turning maneuver 
with a maximum angle of bank of 30 deg., the total time in- 
cluding entrance and recovery being 6.28 sec. The dotted 
lines show the angle of bank and the rate of yawing that go 
together to make a perfect turn without sideslip. Two types 
of control are assumed, one in which the ailerons (pure roll- 
ing moments) are used to force the bank to correspond to 
the upper dotted curve while the airplane stability is allowed 
to govern the yaw, and the other in which the rudder is 
used to force the yawing motion to correspond to that for 
the perfect tyrn, and the stability is depended upon to govern 
the banking. It will be noticed that when the banking is 
controlled by the ailerons the yawing motion oscillates about 
the ideal value. On the other hand, when the rudder is used 
to force the assumed ideal yawing motion, there is a lag in 
the building up of the angle of bank, but when the airplane 
does start to bank the angle goes up very rapidly so that, 
when the yawing motion has stopped and the turn is supposed 
to be completed, the airplane is still at an angle of bank 
double the maximum value for the perfect turn. Of course, 
in actual flight with the elevator-rudder combination the pilot 
would not exactly follow the yawing curve for a perfect turn 
but would control the combined banking and yawing to 
achieve as closely as possible the results he desired. Un- 
fortunately, however, he would not be able to approach closely 
the best yawing and banking at the same time. 

Another set of curves showing the tendency of the average 
parasol monoplane with 5 deg. dihedral to damp out a dis- 
turbance caused by an assumed gust effect when constrained 
in yawing and also when constrained in rolling, is shown 
in Fig. 11. It is assumed that a gust puts the airplane into 
a skid with 5 deg. of yaw. Curve (4) shows the computed 
variation of angle of sideslip if the rudder is used in such a 
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Fig. 11—Stability of Two-Control Airplanes in Side Gust 


manner as to prevent any yawing rotation, namely, any 
change of heading. In this case the angle of sideslip continues 
to oscillate back and forth in an undamped manner, as shown, 
and would apparently continue indefinitely. This motion 
is associated with a rolling motion and a correlated variation 
in angle of bank not shown in Fig. 11. If, on the other hand, 
the ailerons are used to keep the airplane level, the motion 
is quite different and damps out in a very short time, as 
shown by curve (B). 

All theoretical conditions seem to favor the use of a rolling 
rather than a yawing control for two-control operation. We 
did not consider it safe to take these indications as conclusive 
by themselves, however, for we felt that such practical fac- 
tors as the pilot’s response to the airplane’s motion and his 
feel and timing of the control action, together with his ability 
to judge the control action by the effect on the airplane, might 
entirely submerge the relatively incomplete theoretical indica- 
tions. If stalled flight were contemplated, the rudder would 
be more effective in giving some manner of control than any 
conventional form of aileron and the rudder would, of course, 
be useful in recovering from spins, whereas the ailerons would 
be practically useless for that purpose. With the W-1A, 
however, falling into a spin need not be feared, and the slot-lip 
ailerons give control at all angles of attack that can be main- 
tained. Even if the airplane could be put into a spin, the 
large unblanketed vertical tail surfaces with the rudder locked 
neutral would be almost sure, in my opinion, to be sufficient 
to stop the spinning and cause recovery. 

Mr. Platt and I started our trials of two-control operation 
by simply holding the stick in neutral laterally for the elevator- 
rudder combination, and taking our feet off the rudder bar 
for the elevator-aileron combination. After practicing a little 
and finding that we could handle the airplane with either 
combination in all necessary flight maneuvers, including such 
items as sharp turns and cross-wind take-offs and landings, we 
made the rest-of our flights with the rudder or ailerons locked 
in neutral. When the rudders were locked the control cables 
were removed from the rudder bar and fastened to the sides 
of the fuselage so that the rudder bar was free to steer the 
front wheel. 

In order to make the comparison of aileron and rudder con- 
trol as fair as possible, one of us made trials with the elevator- 
aileron combination first and the elevator-rudder combination 
second, and the other tried the elevator-rudder combination 
before the elevator-aileron combination. Fortunately the dis- 
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tinctions between the two types of control were quite clear, 
and we were in agreement on all points. We found that 
general maneuvers, including straight landings and take-offs 
in any direction with respect to the wind, turning, and hold- 
ing a course under ordinary air conditions, could all be ac- 
complished satisfactorily with either of the two-control com- 
binations. 

A slight but unobjectionable inward sideslip was noticed 
in the steady portions of turns with either combination in use, 
which action is in agreement with indications of the theoreti. 
cal analysis. 

When sudden entrances to turns and sudden recoveries were 
made at altitude with the elevator-rudder combination, the 
skidding in the entry and the increased slipping at the start 
of the recovery were noticeably large but did not seem particu- 
larly objectionable. With the elevator-aileron combination, 
on the other hand, sudden entries were made with no notice- 
able slipping, and sudden recoveries were managed with no 
more slipping than attended the steady portion of the turn. 
The most severe of the two-control maneuvers, and inciden- 
tally the most critical comparison of the two combinations of 
control tried, occurred in landings with curved approaches. 
The landings were made on a strip of ground, 50 ft. wide 
by 300 ft. long, marked off by flags, and this strip was placed 
at various angles with respect to the wind. As previously 
stated, no difficulty was experienced in making straight two- 
control landings with either combination of controls in the 
50 by 300-ft. strip, up-wind, cross-wind, or down-wind. In 
the cross-wind landings the airplane was kept pointed suf- 
ficiently up-wind in the approach glide so that its flight path 
was in line with the runway. As it made contact it auto- 
matically changed its heading to line up with its course and 
no difficulty was experienced in keeping it in the center of 
the runway. In the down-wind landings it was found par- 
ticularly difficult to judge the approach in such a manner that 
contact would be made at minimum speed at the beginning 
of the landing strip but, with the landing gear and wind ar- 
rangement of the W-1A, no difficulty was experienced in fly- 
ing the plane on to the ground at the place desired with 
whatever speed it happened to have, and in stopping within 
a reasonable distance. 

We then tried the landings with curved approaches to the 
50 by 300-ft. strip, and these trials proved to bring out the 
differences between the two forms of control. The curved ap- 
proaches were made in two different manners. One con- 
sisted in jogging in by making the original approach parallel 
to but a couple of hundred feet to one side of the runway, and 
then making an S-turn just before contact at the beginning 
of the strip. In the other type of approach the airplane was 
flown over the strip at an altitude of approximately 500 ft. 
and in the direction opposite to that of the final landing. 
When the airplane was approximately above the landing strip, 
the motor was throttled and a 180-deg. turn was made to a 
landing within the strip. Both of these landing maneuvers, 
incidentally, are decidedly more difficult to perform when the 
wheels must touch at a given spot as well as in a certain direc- 
tion, than when the direction only is required. Both types of 
curved approaches were made with the landing strip cross- 
wind, as well as with it lined up with the direction of the 
wind. We did not take anemometer readings of the wind 
velocity at the location of the tests but, from previous experi- 
ence with measurements of this kind, I estimated that the 
wind velocity at a height of 5 ft. ranged between 5 and 12 
m.p.h. during the trials. The higher of these figures would 
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correspond to values of 15 to 18 m.p.h. from most weather- 
station anemometers. 

We found that, with the elevator-aileron combination, we 
could make all these types of iandings with ease, and ap- 
parently we made them as well as we did with three controls. 
In fact, we felt freer to handle the plane in sharp turns close 
to the ground with only the elevator-aileron combination than 
we did with all three controls, for we became confident that 
the plane would follow the proper course smoothly and with- 
out appreciable slipping or skidding. With the elevator- 
rudder combination, however, the turns near the ground, 
which naturally required continuous adjustment in order to 
make the airplane land at the proper point and in the proper 
direction, were accompanied by severe slipping and skidding, 
and the airplane wallowed around in an unwieldy manner. 
The increased slipping toward the ground at the start of 
the recovery from a turn was particularly undesirable. The 
plane was often in a decidedly skewed attitude when contact 
was made with the ground, and the stable long-travel landing 
gear was given many opportunities to prove its worth. 

Thus the results of the flight trials are in agreement with 
the theoretical analyses in indicating that for two-control op- 
eration a rolling control is superior to a yawing control. 

An interesting point in connection with the elevator-aileron 
combination is that it was found possible to lose altitude more 
rapidly in a straight approach to a landing by quickly rolling 
to one side and then, before the airplane had turned ap- 
preciably, rolling to the other and continuing this reversal 
as long as desired, thus obtaining alternate sideslips without 
any great change in heading. 

Finally we tried a wheel control to move the ailerons in 
place of the side motion of the stick, the front landing-gear 
wheel still being steered by means of the rudder bar. Even 
with this makeshift arrangement we both had a slight prefer- 
ence for the wheel over the stick for two-control operation, 
and it was apparent that, if the control wheel were connected 
to control the front landing-gear wheel as well as the ailerons, 
the whole arrangement would be highly satisfactory. 


Conclusions 


In concluding I might state that we feel that we have 
demonstrated to our own satisfaction that each of the fea- 
tures described is a help in making flying both simpler and 
safer. 

The stable long-travel, three-wheel landing-gear arrange- 
ment enables satisfactory landings to be made almost regard- 
less of the wind direction, the air speed at contact, or the 
manner in which the airplane is flared or guided to the 
ground. 

Freedom from the danger of stalling was obtained by hav- 
ing the longitudinal stability and the available elevator con- 
trol so related that the airplane, or at least the outer portions 
of the wing, could not be stalled. As long as high-lift wings 
are used, it seems a basic condition that this relation must 
hold in any completely successful solution of the problem. 

The glide-control flap is very helpful in enabling an un- 
skilled pilot to approach and to make contact at a desired 
point with greater accuracy than a good pilot with a conven- 
tional airplane. (Sufficient improvement in powerplant re- 
liability may eliminate the necessity for extra controls of this 
nature. ) 

With the W-1A and its stable landing gear, two-control 
eperation using the elevator and slot-lip ailerons is quite 
satisfactory and sufficient for ordinary flying, including mak- 
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ing sharp turns, holding a course in gusty air, and making 
take-offs and landings in all directions with respect to the 
wind, with straight or with curved approaches. It appears 
possible to us and we hope that the elimination of rudder 
control in the manner described may be a definite stride to- 
ward reducing the skill, training, practice, and general keen- 
ness required to fly safely. 





Discussion 





Case Presented for Tractor 
Engine and Tail Wheel 
—Ralph H. Upson 


Consulting Aeronautical Engineer 


T is now nearly five years since the first appearance of the experi- 

mental Stout Sky Car, which was based largely on a resurrection of 
old principles, but none the less was a prototype for much subsequent 
effort toward the “foolproof airplane.” For two years, the Sky Car 
itself served as a flying laboratory in which were tested three different 
engines; a braced tail and a boom-type tail; fabric-covered wings and 
metal-skin wings; floating wing-tip ailerons and conventional ailerons, 
each with minor modifications. The original ground-contact surface 
under the nose was practically equivalent to a swiveled wheel except for 
the frictional damping. Besides with the subsequent fixed nose wheel, 
experiments were made with various wheels and skids in the rear, and 
with different positions of the main wheels. 

Although this work led to nothing further at the time, it is no small 
satisfaction now to see the development built upon by others, especially 
with such courteous recognition as Mr. Weick has expressed. It strikes 
me, however, that some of the newcomers lack a little of the perspective 
that comes naturally after five years’ experience—the kind of perspective 
that emphasizes the advantages, but also discloses certain disadvantages. 
In plain words, it seems that a certain amount of debunking is in order 
to be sure that no one takes the pusher airplane with a nose wheel as the 
only way out, or expects more of it than it can deliver. 

Mr. Weick and his associates are to be congratulated upon the achieve- 
ment of a very neat little airplane, almost ideally proportioned for its 
type. Its low-power, extremely light engine and its unusually light 
tail make it possible to balance both with the weight of the pilot alone, 
and to put the one passenger approximately on the center of gravity. 
But with usual weights, the center-of-gravity movement, instead of 2 per 
cent, is more on the order of 10 per cent. This consideration greatly 
complicates the problem of an elevator stop, a very important item, 
and still allows for no real expansion in the direction of greater power 
and carrying capacity. But, after all these years of tractor development, 
why must we have a pusher ‘for any conditions not ideally suited to it? 
The main object of this design was to get vision; but experience with 
the modern pushers, which land about level, goes to show that a level- 
landing tractor would be almost as good. In other words, it isn’t so 
much the tractor engine, but the tractor engine sticking up at the usual 
landing angle, that hurts. 

Mr. Weick will no doubt readily agree that the important thing is the 
level landing rather than the pusher engine but, on the other hand, he 
intimates that such characteristics can only be had with a nose wheel. 
Unfortunately this requirement introduces another complication: the dif- 
ficulty of mounting a nose wheel on a tractor; it interferes with the en- 
gine cowling and, even at that, it is hard to get far enough forward. 
It will normally increase both the weight and drag of the landing gear 
nearly 50 per cent. And how is one to retract it into the mass of con- 
trols, feet, and so on that already clutter up the nose of a fuselage? Much 
of the same difficulty remains even with a twin-engine ship. 

If a nose wheel doesn’t suit, why not a tail wheel? If the third 
wheel is to be steerable, it will steer in one position as well as in the 
other, except that in the tail there is less force required, less tendency 
to serious flutter; and a tail wheel needs no brake, as does a nose wheel. 
To preserve the level-landing requirement the fin must be extended a 
considerable distance below the fuselage, but this is all to the good. 

The principal remaining problem is to get the wing into a position 
for satisfactory take-off. There are various ways of doing this job, 
principally depending on the use of flaps, which are going to be used 
in any case for facilitating the take-off of any up-to-date airplane. In a 
normal landing the tail wheel will touch first, tending to straighten out 
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the ship in its direction of motion. As soon as the main wheels touch, 
there will not be the positive directional stability that is given by a 
swiveled nose wheel; in fact, irreversible control on the tail wheel is 
to be preferred. Except as modified by actual steering, the ship will 
tend to go straight in the direction in which it is headed, which is not 
thought to be an appreciable handicap; Mr. Weick’s claim that a swiveled 
nose wheel reduces the lateral strength requirements has little or no 
justification in actual practice. 

There is plenty of room for discussion of the control problem. Mr. 
Weick’s general conclusion as to the superiority of a rolling control 
for turns is well substantiated by Sky Car experience, in which ailerons 
giving slightly positive yaw force made practically perfect turns with 
any bank whatever. It is surprising that this basic fact is still so 
little appreciated. Actually, however, no control is eliminated by leaving 
out the rudder if we have to add a steerable wheel and flap lever. Even 
with the ground-steering function shifted to the aileron control wheel, 
pedals must still presumably be retained for brake operation. As Mr. 
Weick quite properly maintains, his new control would appear awkward 
only at first, but is not this initial awkwardness exactly what we are 
trying to eliminate in the conventional airplane? The real trouble in 
both cases appears to lie not so much in the number as in the arrange- 
ment of the controls. 


Desirability of Two-Control 
Operation Questioned 
—Elliott G. Reid 


Professor of Aerodynamics, 
Stanford University 


O Mr. Weick’s description and discussion of the three-wheel land- 

ing gear little can be added except the hope that its general adoption 
is not far off. Those who attended last year’s Annual Meeting will 
doubtless remember Mr. Upson’s convincing demonstration with the small 
model that ground-looped when coasting forward but ran_ straight 
when turned end for end. 

Some additional information regarding the properties of | slot-lip 
ailerons would be very welcome—since the N.A.C.A. Technical Note No. 
547 has not yet appeared as I write these comments. Does this aileron 
satisfy, at all angles of attack, the rolling criterion set up by the 
N.A.C.A.? Does the elimination of adverse yawing moments refer to 
wind or body axes? How is the rolling and yawing action affected by 
variation of the flap position? And is the use of the slot-lip aileron 
accompanied by the loss of net lift common to the spoiler? If so, 
how objectionable is this characteristic in landing? 

The selection of a slotted flap, rather than one of the split type, as a 
lift-increasing device and as a glide-path control is an interesting depar- 
ture from current American practice. The reason for the choice is not 
altogether clear; perhaps Mr. Weick will tell us how far he agrees with 
Lachmann’s brief for the slotted flap. 

Another point of considerable importance is the effect of flap position 
upon longitudinal trim. It is stated that the use of a simple bungee 
in the W-1A makes the speed of balance independent of the flap setting. 
Since the maintenance of a constant speed requires a reduction of wing 
angle of attack as the flap is depressed and since this results in changes 
of wing and tailplane pitching moments which have opposite signs 
(assuming a fixed elevator), it would appear a fortunate coincidence that 
the application of a constant elevator hinge moment satisfies the require- 
ment of balance at constant airspeed. The writer wonders whether the 
speed of glide would remain constant at another value if the bungee 
tension were altered. Further discussion of this subject would be 
welcomed. 

It is believed that the interpretation of the glide experiments, depicted 
in Fig. 7, is somewhat misleading. Although sudden retraction of the 
flap in an effort to flatten the glide path may lead to the downward 
deviation shown in the diagram, this is necessarily the case only when 
the initial speed of glide is such that an increase of lift-drag ratio, at a 
constant lift coefficient, cannot be obtained by retracting the flap. How- 
ever, if the speed of glide happened to correspond to the maximum lift- 
drag ratio obtainable with retracted flaps, it is obvious that properly 
correlated changes of flap angle and angle of attack would lead to a 
constant speed of glide and a continuous upward departure from the 
initial flight path. In the case of sudden extension of the flap, it appears 
that the airplane would have to be deliberately mis-handled in order to 
obtain the performance shown in the diagram. If the extension of the 
flap gear be accompanied by a change of elevator position sufficient to 
maintain a constant lift coefficient, the upward deviation of the flight 
path shown in the diagram cannot occur. In other words, the automatic 
trimming of the W-1A to a constant speed can be simulated by proper 
control manipulation in other airplanes. 
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The desirability of two-control operation for the private airplane 1s 
not convincingly demonstrated by the statement that “it would be easier 
to learn to coordinate two controls than three.” The superficially obvious 
advantage of eliminating one control would seem to be offset, at least 
under some conditions, by the fact that one of the remaining controls 
has to perform two functions and that these functions can not be ren- 
dered entirely independent of each other. 

It is undeniably true that an airplane can be flown by the use of two 
controls, and it seems worth mentioning that most large transport air- 
planes are flown almost entirely by use of the elevator and ailerons 
except in take-off and landing. (It is doubtful that this technique 
would be followed if the rudders were more easily operated.) How- 
ever, the fact that controlled airplane flight can be accomplished without 
use of the rudder bears a striking resemblance to the fact that almost 
anyone can learn to ride a bicycle without touching the handlebars. 
Would the advocates of simplified airplane control suggest that a beginner 
could master bicycle riding more readily if the handlebars were fixed 
to the frame and the front wheel allowed to turn as a free caster? The 
two conventional controls-—steering and lateral balance—would thus be 
reduced to one—lateral balance; disturbances in roll could be corrected 
as usual and properly banked turns could be induced by intentional dis- 
placements in roll. Nevertheless, I would prefer the conventional form 
of control if I had to ride along a rough and unfamiliar path in semi- 
darkness. For the same reason—the inability to produce pure yawing 
in the event of an unforeseen disturbance—I am not convinced that the 
elimination of one air control is desirable in the case of “everyman’s 
airplane.” 


Importance of Center-of-Gravity 
Location Emphasized 
—B. L. Springer 


Instructor of Aeronautical Engineering, 
University of Michigan 


HAVE no adverse criticism of Mr. Weick’s paper. He seems to have 

studied many possible improvements quite thoroughly, not only on 
paper but also by actual application. The result of experimentation on 
the Weick W-1 airplane indicates that the horizontal location of the 
center of gravity with respect to the rear wheels of the three-wheel 
landing gear system is quite important from the standpoint of ground 
performance. It is quite important to have the center of gravity of the 
airplane a fair distance ahead of the vertical plane of the rear wheels. 
This consideration is quite essential in obtaining good landing ané 
taxiing characteristics. 

Now, however, if one is to consider the question of take-off char- 
acteristics, it is equally important that the center of gravity be not located 
too far forward of the rear wheels or it will be impossible to develop 
enough force on the tail surfaces to get the tail down for take-off. 
The failure to get the tail down, due to too-far-forward center of 
gravity location, may result in excessively long take-off runs thereby 
producing an undesirable characteristic in a “safe” airplane. Thus it 
seems that an optimum center-of-gravity location with respect to the 
rear wheels of the nose-wheel landing-gear system must exist. 


Applications to Future 
Aircraft Discussed 


—Frank S. Spring 
Hudson Motor Car Co. 


HAT can be done to apply the findings of this paper to future 
aircraft and what compromises must we accepts 

For example: Will the fact that the center of gravity must remain 
relatively fixed and should not vary with the load cause any serious 
design problems? 

Will the power-on and power-off requirements permit a wide choice 
of engine locations? It is probably safe to assume that the power avail- 
able in future airplanes will be greater than at the present time. This 
increase will make the matter of power on and power off trim more 
serious than it is now. 

One of the attractive things about an airplane is its speed, which 1s 
constantly increasing. Is not there a possibility of making airplanes 
faster as well as safer by incorporating the Weick ideas in them? 

Do you think that for the sake of future performance an efficient and 
light retractable three-wheel landing gear might have possibilities? 
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Fuel Economy— 


The Operators Viewpoint 


By Edmund T. Allen 


Consulting Aeronautical Engineer, New York City 


IR transport operators desire primarily high 
reliability at lower fuel consumptions than 
are obtained at present. They look critically at 
the total economy picture, of which fuel econ- 
omizing is but a part. If satisfactory schedule 
completion is possible at lower power at some 
optimum trip altitude, this method of economiz- 
ing is highly desirable. 


Some decrease in specific consumption is pos- 
sible with present grades of fuel, given improved 
mixture indicators or controls. Large improve- 
ments in specific consumption must be weighed 
economically against decreased reliability, in- 
creased maintenance, and increased fuel costs. 


Test-stand operation cannot be used directly to 
predict airline economy. Service experience is the 
only acceptable final test. The road to improved 
fuel economy is a long one with no safe short-cuts 
in sight. 


HE air-transport operator, in the past, usually has viewed 

attempts to economize on fuel consumption with a sus- 

picion that this “econemy” was going to prove very ex- 
pensive. Most of such attempts, beginning with the first air- 
cooled engines used on airlines in 1927, have been followed by 
decreased reliability and increased maintenance. 

In the days before any attempt was made to control cruising 
power, economizing took the form of leaning out the mixture 
by guess, with no adequate guide. Engine damage followed 
with fairly consistent regularity, usually at the low altitudes 
where power output was high. The engine manufacturer and 
the operator had difficulty getting together on this problem 
because neither admitted that the engine damage was his fault. 
Test-stand operation at the cruising powers used on the airlines 
indicated no failures whatever, and it showed so little wear or 
ring-sticking that the manufacturer felt the operator should be 
able, if he treated the engines intelligently, to economize con- 
siderably on both overhaul periods and fuel consumption, par- 
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ticularly the latter. Why, then, could not these economies be 
realized safely by the operator? 

The major difference between test-stand operation and air- 
line operation lies in the necessarily wide variation of conditions 
in flight. In flight all engine functions are in a state of flux, 
and the engine must, almost necessarily, be neglected while 
other, more pressing, duties of the pilot and co-pilot are at- 
tended to. The test-stand engine is operated at constant alti- 
tude, temperature, oil, and air conditions, and with an operator 
whose eye may be continually on its indicators of fuel-air 
ratio, even though these indicators consist merely of tachom- 
eters dropping their ten or twenty revolutions from “best- 
power” mixture. In the air, on the other hand, the pilot has 
a hundred things to do in addition to conserving fuel. His 
best-power-mixture indicator (tachometer) is moving all over 
the map for other reasons than merely changes in specific 
consumption, and often his very life demands that he pay more 
attention to the dozen other items of flight requiring adjust- 
ment before he bother with this one. The result is that actual 
specific consumption follows a waving course with a wide 
variation above and below the intended fuel-air ratio. Since 
all errors of adjustment cannot be on the rich side, the intended 
fuel-air ratio must be far enough in excess of richness so that 
the leanest error will be safe. 

Even when the pilot’s (or the engineer officer’s) entire atten- 
tion can be devoted to the problem of handling the mixture 
control, this problem is rarely satisfactorily solved with the 
tachometer and cylinder temperature as the sole guides. En- 
gines have not been proved to stand up and give satisfactory 
freedom from too-lean difficulties at or near best-economy set- 
ting. If they would, the distinct drop in engine revolutions 
occurring at best-economy setting might be a satisfactory guide 
to mixture setting. Distribution is ordinarily not good enough 
to insure that one or two cylinders are not receiving far worse 
punishment than the average. Even when distribution is excel- 
lent, best-economy setting at a high cruising power results in 
distinctly lowered reliability and higher costs. 

Best-power settings, on the other hand, are what we are aim- 
ing for on all except those long-haul operations where a slight 
reduction in specific consumption spells the difference between 
not being able to operate at all and a satisfactory margin of 
range and payload. The mixture which gives best-power may 
vary widely with no appreciable tachometer indication. Be- 
tween specific consumptions of 0.5 and 0.6 lb. per hp-hr. the 
pilot can discern no distinct point for his mixture setting. 
Tests conducted on airlines with the use of an exhaust-gas 
analyzer indicate that, when the pilot is attempting to obtain 
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the low end of the best-power range by means of the 
tachometer, such an adjustment is practically out of the 
question. 

The operators, turning from these experiences and the dif- 
ficulty of reconciling test-stand and airline results, became very 
fuel- and oil-conscious. The new airplane designs with their 
requirements for excessive take-off powers brought us to 87- 
octane fuel for take-off. Tetraethyl-lead troubles brought many 
operators back to 80-octane fuel for cruising. They brought 
also improvements in valve design, in pistons, in cylinder- 
cooling. Some operators are now looking forward to the pos- 
sibility of using considerably higher octane fuels for take-off, 
while still retaining a cheaper fuel for cruising. If, however, 
it is found really economical to reach for these new, phe- 
nomenal test-stand specific-consumption economies, it may be 
advisable eventually to use the higher octanes for cruising also. 

Facing facts of airline experience as they are, however, most 
operators have settled down to the feeling that, for the present, 
_ economizing had best take other directions. A technique of 
optimum-economy operation was developed by the author in 
1933 for Pan-American Airways with the delivery of the first 
Northrop Delta single-engined transport. The principles of 
this technique were: (1) a method of accurate power control 
for the pilot, (2) the determination of best cruising altitude 
for maximum economy for any desired cruising velocity, and 
(3) a technique of minimum-power operation for any trip 
and any wind-aloft for the established schedule. This method 
of cruising operation was later elaborated for the Douglas 
Transport and is now used by most of the major airlines. It 
was based upon the assumption that the engines would be 
operated at best-power mixture, confining economizing to 
the use of minimum power for any given block-to-block speed. 
It developed a theory of engine reliability as a function of 
engine stress-time relationships. Under this scheme airline 
operation-economy has developed along lines of increasing the 
length of time between overhauls, minimizing wear, and de- 
creasing parts replacements. 

It would appear, however, that this theory of reliability and 
economy as a direct function of time-stress needs modification 
in the light of Douglas transport operation-experience. A 
critical examination of recent engine failures and cases of 
excessive wear, erosion, burning, scuffing, or oxidation leads 
to the hypothesis that non-uniform operation is a principal 
factor in uneconomical results. The occasional use of excessive 
manifold pressure on take-off, errors in mixture-control settings 
below the limits giving marginal conditions, excessive cylinder 
temperatures occasionally reached in running up on the ground 
—these may be the primary causes of high maintenance costs. 

Excessive fuel economizing often has been the most per- 
sistent cause of trouble. Airline experience has established that 
with specific consumptions of 0.55 to 0.6 lb. per hp-hr. it is 
economical to operate 400 hr. between overhauls. There are 
some operating data to indicate that decreasing specific con- 
sumptions to below 0.5 lb. per hp-hr. appreciably lowers the 
overhaul period. As yet there is no airline experience at specific 
consumptions of 0.4 lb. per hp-hr., but we may well assume 
that such operation would be accompanied by a very short 
overhaul period and a problematical reliability. The operator’s 
viewpoint is that he would like the engine manufacturer to 
cooperate in determining which of these operations would 
really be the most economical in the long run. It is realized, 
however, that service experience is the only acceptable final 
test. Fuel economy is but a part of the total economy of airline 
operation. 
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The lowering of specific consumption has two direct results 
which affect the operator’s economics: first, the direct cost 
saving from fuel saved and, second, the increase in payload 
permitted by maintaining the same range and percentage of 
reserve range with a decreased fuel load. The direct cost saving 
from lowered specific consumption will depend upon the cost 
of the fuel with which the lowered specific consumptions are 
possible. Attainment of somewhat lower average consumption 
with our present grades of fuel is dependent upon the provision 
of a satisfactory mixture indicator of the exhaust-gas-analyzer 
type, or a mixture control of the “automatic carburetor” type. 
It should be noted that the use of any known type of automatic 
mixture control does not provide optimum mixture strength 
for all engine-operating conditions or objectives. The first cost 
and maintenance costs of these devices must be deducted from 
the savings in fuel bill in order to obtain net savings. To 
achieve considerably lower specific consumptions, higher com- 
pressions and higher octane fuels are required with their 
increased costs, not only for the improved parts and fuels, but 
also, we are entitled to presume from past experience, for 
increased maintenance, overhaul, replacements, and—not to 
be disregarded—the indirect costs of decreased reliability. 

The second result of lowered specific consumption, namely 
increased payload-capacity, always presents such a rosy picture 
that we are likely to forget the dangers which beset this ac- 
complishment. The outstanding advantage is an increase in 
payload - capacity roughly proportional to trip-length, and 
amounting approximately to 2 per cent of the weight of fuel 
consumed for each 0.01 lb. per hp-hr. decrease in specific con- 
sumption. For a typical long haul of, say 2400 miles in an 
aircraft cruising for 17 hr. at 60 per cent of 3200 rated hp., 
the payload-capacity will be increased some 326 lb. for each 
o.o1 lb. per hp-hr. decrement in specific consumption. A little 
mental arithmetic coupled with test-stand economies may lead 
to the wildest enthusiasm for lower specific consumptions, 
unless tempered with a consideration of the following items: 

(1) Payload-capacity increase rarely means more than a 
slight percentage of revenue-increase, unless payload is piled 
up on the dock awaiting airplanes to take it away. 

(2) No airplanes have ever been operated on domestic air- 
lines at specific consumptions below 0.52 lb. per hp-hr., or on 
overseas operations with an engineer officer aboard, below 0.47 
lb. per hp-hr. Any lowering of these specifics, even though 
proved on test-stand operation, must await confirmation from 
airline experience as to attainability under varying conditions 
of flight, and as to reliability as compared to our present engine- 
safety. 

(3) This particular long haul used in the preceding example 
is the longest ever likely to be used in transport operation, even 
of globe-circling aircraft. Shorter hops have correspondingly 
lower payload-capacity increases. 

(4) Increased costs of operation under the new conditions 
may absorb a lion’s share of the actual revenue-increases. It 
may be necessary to abandon the American method of main- 
tenance and frankly adopt the method of frequent partial 
overhaul. 

The short-haul service may be viewed in like manner. For 
a 600-mile flight, for instance, on a typical airplane it is now 
necessary to have on board a specific amount of fuel, which 
will be excessively large as a 30 m.p.h. headwind is reported. 
Part of this fuel is required because of the government speci- 
fication for a 35 per cent reserve above any possible delaying 
factor. This fuel load limits the payload on all modern trans- 

(Continued on page 196) 











Cylinder Wear in Gasoline Engines 


By C. G. Williams 


Director of Research, Institution of Automobile Engineers 








HIS paper covers the work carried out by the 

Research and Standardization Committee of 
Cylinder Wear in gasoline engines. The report is 
divided into two sections, the first reviewing the 
work which has already been reported on in two 
issues of the Journal of the Institute.’ These issues 
are June, 1933, and August/September, 1934. 


The experiments have been carried out on 
a number of single-cylinder units of 3°-in. bore, 
which can be fitted with either water-cooled or 
air-cooled barrels, and direct measurements of 
bore wear made by means of gages, piston-ring 
wear being measured by weighing. All readings 
of bore wear referred to in this paper were taken 
at the top of the ring track where wear is a maxi- 
mum, and the readings are expressed in equivalent 
wear per 1000 miles of road operation. 


The paper draws attention to the importance 
of corrosion under cold-running conditions. This 
importance was discovered through a systematic 
study of the effect of several different variables 
showing that below certain cylinder-wall tempera- 
tures there was a very rapid increase in wear. 
This study was confirmed by observations on the 
stained or pitted appearance of the cylinder walls 
and piston-rings of engines which had run at low 
cylinder-wall temperature; the presence of rela- 
tively large quantities of water in the lubricating 
oil under such operating conditions; the fact that 
the sudden increase in cylinder wear occurred 
when the cylinder-wall temperature approximated 
the calculated dew point or condensation tem- 
perature of the products of combustion at the 
pressure existing during the combustion cycle; the 





use of corrosion-resisting materials, namely, aus- 
tenitic cast iron, for piston-rings and cylinders 
effects a considerable reduction in wear under 
low-temperature conditions. 


The importance of thermostats in reducing cyl- 
inder-liner wear is shown, as is also the rapid 
increase in wear with increasing m.e.p. and cold- 
running conditions. 


It is concluded from the result of the experi- 
ments on lubricants that pure medicinal paraffin 
gives inadequate protection from corrosion under 
cold-running conditions and that the presence of 
a fatty acid, or fatty oil, is necessary under such 
conditions. At high cylinder-wall temperatures 
representing abrasive conditions pure medicinal 
paraffin gave a very low rate of wear that was ap- 
proximately the same as that of commercial lubri- 
cant, and various additions of fatty oils to the 
pure medicinal paraffin did not effect any marked 
improvement in wear. 


The effect of increasing skirt clearance from 
0.0058 in. to 0.0300 in. on the wear of the top 
piston-rings was quite marked, while the effect 
on cylinder wear was much less appreciable. The 
effect of radial piston-ring pressure was not of 
great importance, particularly within the range 
of pressure usually met with in practice. The 
effect of increasing piston-ring width from 3/64 
in. to 3/16 in. at high cylinder-wall temperature, 
that is, under abrasive conditions was quite im- 
portant. The rate of wear with the narrower 
rings being from 5 to 7 times greater than that 
with the wide rings. 





HE Institution of Automobile Engineers formed, in 
1931, a Research and Standardization Committee to un- 
dertake cooperative research on behalf of the British 
motor industry. The cost of this work is borne by subscrip- 


{This paper was presented at the Annual Meeting of the Society, 
Detroit, Jan. 15, 1936.] 

1See The Journal of the Institution of Automobile Engineers, June, 1933, 
pp. 73-92; “Interim Report of the Research and Standardization Committee 
on Cylinder Wear’, and August-September, 1934, pp. 19-34; “Further 
Experiments on Cylinder Wear,” both by C. G. Williams. 


tions from manufacturers, and by grants from the Govern- 
ment and from The Society of Motor Manufacturers and 
Traders, Ltd.; the actual investigations are carried out at the 
Institution’s own laboratory or at any other suitable research 
center. When the Committee was first formed, it was de- 
cided that research should be undertaken on cylinder wear, 
as this wear was considered to be the most important cause 
of deterioration in engines. The investigation is still in 
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Fig. 1—Cylinder Wear in Relation to Cylinder-Wall 
Temperature 


progress and has, therefore, covered a period of over four 
years, but it will be appreciated that experiments on wear 
are time-consuming and that the number of variables in 
volved is very great. Thus, some of the more important fac 
tors which have been held in mind are listed below, with those 
which already have received some consideration being indi- 
cated by asterisks: 

Operating conditions—Engine speed; *engine load; *cyl- 
inder-wall temperature. 

Lubrication —*V iscosity; *composition; *amount; contami- 
nation. 

Carburetion —*Fuel volatility; *fuel composition; *mixture 
strength; mixture temperature; antiknock value; *upper cyl- 
inder lubrication. 

Piston.—Material; *clearances; design. 

Piston-rings.—* Material; *width; *radial pressure; design; 
clearances; finish. 

Cylinder bore.—*Material; finish; design; distortion. 

As these investigations have shown, the cylinder-wear prob- 
lem has two aspects, namely, the corrosion which predominates 
at low cylinder-wall temperatures and the abrasion which oc- 
curs at normal temperatures. The effect of each of the pre- 
ceding 26 variables depends upon whether corrosion or 
abrasion is being considered, so that the number of factors 
is virtually doubled. 

The experiments have been carried out on a number of 
single-cylinder units of 3%-in. bore, which can be fitted with 
either water-cooled or air-cooled barrels, and direct measure- 
ments of bore wear made by means of gages, piston-ring wear 
being measured by weighing. Every precaution was taken to 
insure accuracy, and the usual procedure was to take at least 
three successive readings of wear at intervals of 15 to 20 hr. of 
running. All readings of bore wear referred to in this paper 
were taken at the top of the ring track where wear is a maxi- 
mum, and the readings are expressed in equivalent wear per 
1000 miles of road operation. 

Two reports on the investigation already have been re- 
leased for publication’, so that it is proposed merely to re- 
view them and then to discuss a portion of the unpublished 
work which has been carried out within recent months. 

Perhaps the work carried out by the Institution is best 
known by the attention that it has drawn to the importance of 
corrosion under cold-running conditions. At the same time, 
acknowledgment must be made of the fact that several S.A.E. 
papers already had indicated the importance of corrosion in 
regard to other engine parts, such as piston pins. In the 
1.A.E. experiments this importance was discovered in a sys- 
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tematic study of the effect otf the different variables listed 
previously which showed that, below certain cylinder-wall 
temperatures, there was a very rapid increase in wear, as 
shown in Fig. 1. This increase obviously required explana- 
tion, and several observations suggested the occurrence of cor 
rosion. In particular, the following may be referred to: 

(a) The etched, stained, or pitted appearance of the cyl 
inder walls and piston-rings of engines which had been run 
at low cylinder-wall temperatures. 

(b) The presence of relatively large quantities of water 
in the lubricating oil under such operating conditions. 

(c) The fact that the sudden increase in cylinder wear oc 
curred when the cylinder-wall temperature approximated the 
calculated dew point or condensation temperature of the 
products of combustion at the pressures existing during the 
combustion cycle. 

(d) The use of corrosion-resisting materials, namely 
austenitic cast iron, for piston-rings and cylinders effects a 
considerable reduction in wear under low-temperature con 
ditions. 

(ce) The operation of an engine on hydrogen fuel effected 
a very considerable reduction in wear at low temperatures, 
thereby suggesting that organic or other acids in the products 
of combustion are largely responsible for corrosion, water 
alone being insufficient. 

While there are many perplexities still to be solved, the 
evidence of these experiments and of service experience all 
tends to confirm the importance of corrosion under cold 
running conditions. Laboratory experiments indicated that 
engines operated continuously at normal temperatures showed 
very low rates of wear equivalent, in some cases, to a wear ot 
only 0.001 in. in 20,000 miles. Immediately, however, after 
frequent stopping and starting were introduced, the cylinder 
wear was increased, and the effect of intermittent running 
was found to be aggravated greatly by delaying the warming 
up period and by a deficiency of lubrication under these con 
ditions. Service figures, supplied by manufacturers and oper 
ators, have given overwhelming support to intermittency of 
operation as one of the most important factors determining 
the life of an engine. 

The evidence indicates that it is not necessarily sustained 
high-speed operation that results in the highest rates of wear. 
On the contrary, highest wear is often experienced on those 
engines which are dificult to maintain at a satisfactory oper 
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ating temperature owing to the shortness of the runs. For 
example, service figures of wear obtained on a delivery vehicie* 
averaging 35 miles per day with 60 engine stops per day were 
exceedingly high, namely, about 0.007 in. per 1000 miles. 
When hardened liners were fitted and efforts made to main- 
tain a reasonable engine temperature, the rate of wear was 
reduced to less than 0.001 in 
however, very 
austenitic 


. per 1000 miles which figure, 
was still not satisfactory. When, however, 
corrosion-resisting liners were fitted, the rate of 
wear was reduced much further to about 0.00025 in. per 1000 
miles. 

In the first report on cylinder wear, attention was drawn to 
the possible advantages of thermostats in shortening the 
warming-up period, and there has since been a general adop 
tion of thermostats on British cars. The general indications 
are that the fitting of thermostats usually has justified itselt 
from the standpoint of reduced cylinder wear although these 
instruments have, of course, other advantages. Fig. 2 pre- 
sents graphically some figures obtained by a_ prominent 
British manufacturer of private cars, the test cars being run 
for various mileages with and without thermostats. It will be 
seen that in every case the cars fitted with thermostats showed 
considerably less wear. 

From the standpoint of lubrication it would appear that, 
under starting-up conditions, an adequate supply of lubricant 
to the cylinder walls is essential. This supply can be achieved 
either by means of some special device in the crankcase or 
a fairly large dose of upper cylinder lubricant can be in- 
troduced into the induction pipe during the warming-up 
period. In addition, it would appear that there is a possible 
field for reducing cylinder corrosion by improving the protec- 
tive properties of lubricants and, in this connection, certain 
oil companies have put on the market lubricants which con- 
tain corrosion inhibitors. 

Although the importance of corrosion at low temperatures 
is established, other experiments carried out at normal tem- 
peratures showed that, so far as could be detected, corrosion 
did not occur under such conditions, so that such wear is 
then due, presumably, entirely to abrasion. On the other 
hand, there is no doubt that under cold-running conditions 
corrosion is accompanied by abrasion and, in fact, it would 
appear that corrosion would be negligible without the abrad- 
ing or scraping action of the piston-rings. It is well known 
that materials subjected to corrosive conditions form, or at- 


2See The Automobile 
Twigeger. 


Engineer, May, 1935, pp. 179-181; “Cylinder Lin- 
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tempt to form, a protective film of oxide, and the indications 
are that the piston-rings, by continually removing this film 
and exposing a fresh surface, have a very important influence 
in regard to cylinder corrosion. This scraping action is 
obviously a maximum at top dead-center, where the gas pres- 
sure behind the rings is greatest. Thus, Fig. 3 shows the ef- 
fect of engine load under cold-running conditions and demon- 
strates the rapid increase in wear with increasing b.m.e.p. 
Under sustained low-temperature operation with a deficiency 
of lubrication sludging may occur, under which conditions an 
enormous increase in rate of wear takes place, the rings and 
pistons then showing signs of scuffing. The action is ob- 
viously largely abrasion, but it is quite possible that the 
“vicious circle” is started by very rapid corrosion. 

With regard to the effect of fuels on cylinder corrosion, ex- 
periments showed that the least wear was obtained with a 
“branded” fuel, and with fuels in which the sulphur content 
was not high. It appears, however, that cylinder corrosion 
at low temperatures is not due primarily to the sulphur con- 
tent of the fuel, but to the formation of carbonic acid. 


Some Further Experiments 


The Effect of Mixture Strength—When an engine is be- 
ing warmed up after starting from cold, the mixture strength 
usually varies over quite a wide range and it is, therefore, a 
matter of interest to determine the effect of mixture strength 
on the cylinder corrosion which occurs during the warming- 
up period. The cylinder-wall temperature at top dead-center 
was maintained at 50 deg. cent. and the gasoline/air ratio 
by weight varied from 0.075 to 0.13. The mixture tempera- 
ture was approximately 8 des. cent. 

The rate of wear determined at the various mixture 
strengths is plotted in Fig. 4 against the gasoline/air ratio, 
from which it will be observed that there was a reduction in 
wear with increasing richness of mixture, the reduction be- 
ing most marked in the case of the piston-ring wear. This 
result is, perhaps, rather surprising at first sight since it might 
be anticipated that combustion and, hence, the formation of 
corrosive products would be aggravated with over-rich mix- 
tures. A possibile explanation is, however, the reduction in 
CO, with rich mixtures. 

Efforts were made to carry out a similar series of experi- 
ments at the same cylinder-wall temperature of 50 deg. cent., 
but with a mixture temperature such that the fuel would be 
vaporized properly. The engine was fitted with an air heater 
whereby the mixture temperature was raised to 50 deg. cent., 
but it was found that these conditions made it impossible to 
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maintain a cylinder-wall temperature of 50 deg. cent., the wall 
temperature rising to 55 deg. cent. These tests are, there- 
fore, not comparable with the previous experiments carried 
out under the more severe conditions at the lower wall tem- 
perature of 50 deg. cent., but the results are indicated by the 
dotted lines in Fig. 4. The results, so far as they go, did not 
show much effect due to mixture strength at the higher mix- 
ture temperature. 

Composition of Lubricant—In these experiments, medicinal 
paraffin was used as a base to which various additions were 
made, medicinal paraffin being selected as it is practically 
free from unsaturated and polar compounds. It may also be 
pointed out that boundary lubrication experiments have shown 
that medicinal paraffin is deficient in the property of ye 
ness”. The additions, the effects of which were studied, i 
cluded two fatty acids (oleic and palmitic), a pure fatty oil 
(the glyceride triolein), a fatty oil (rape), and an aromatic 
extract from mineral lubricating oil. Most of the foregoing 
additions would be expected to improve the oiliness of the 
lubricant. 

When changing from one lubricant to another, the engine 
first was cleaned thoroughly, and then a succession of runs 
was carried out on the new lubricant, fresh lubricant being 
wsed for each run until the readings indicated that the rate 
of wear had become stabilized. This method was adopted in 
order to remove from the engine all possible traces of the 
previous lubricant. Parallel series of tests were carried out on 
two similar engines, one operating at low temperatures and 
the other at normal temperatures. 

The tests carried out to study cylinder corrosion were per- 
formed at a cylinder-wall temperature of 55 deg. cent., a 
b.m.e.p. of 47 lb. per sq. in., and a speed of 1500 r.p.m. The 
rates of wear for both cylinder and top piston-ring for me- 
dicinal parafin (M.P.) with and without various additions 
are given in Table 1. With certain lubricants the wear 
readings were very erratic, the high readings being accompa- 
nied by sludging of the oil. In such cases the range of the 
readings is given. With the other lubricants no difficulty was 
experienced in determining the rates of wear. 

It was noted that the rate of wear with pure medicinal 
parafin was very high, namely, a cylinder wear of the order 
of 0.010 in. per 1000 miles. This wear was reduced in the 
ratio of 8 or 10 to 1 by most of the additions tried. The 
reduction was definite with additions of 1 per cent oleic and 
palmitic acids and with 10 per cent rape, but was not con- 
sistently obtained with 1 per cent triolein and with the 10 
per cent aromatic fraction. Comparing the efficacy of the 
various additions, it would appear that approximately the 





Table 1—Wear Under Conditions of Corrosion 





Wear, in. per 1000 miles 


Lubricant Cylinder Top Piston-Ring 
M.P. (medicinal paraffin) 0.0072 to 0.0115 0.0310 to 0.0360 
M.P. + 1 per cent oleic 

(fatty acid) 0.0011 0.0055 
M.P. + 1 per cent palmitic 

(fatty acid) 0.0012 0.0037 
M.P. + 1 per cent triolein 

(pure fatty oil) 0.0006 to 0.0100 0.0050 to 0.0550 
M.P. + 10 per cent rape 

(fatty oil) : 0.0010 0.0034 
M.P. + 10 per cent aromatic 

extract (from mineral oil) 0.0008 to 0.0078 0.0037 to 0.0480 
Motor oil (proprietary 

mineral-oil blend) 0.0006 0.0034 
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Fig. 5—Effect of Skirt Clearance on Cylinder and Piston- 
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same improvement was obtained with the additions of oleic 
and palmitic acids and with the rape oil. The bottom figures 
in the table were obtained on a proprietary mineral lubricant 
and are of the same order of magnitude as those obtained 
with the foregoing additions to medicinal paraffin. 

It can be concluded that a mineral white oil is a poor 
lubricant or gives inadequate protection from corrosion under 
cold-running conditions, and that the presence of a fatty acid 
or fatty oil is necessary under such conditions. In this con- 
nection it is interesting to note that an ordinary commercial 
mineral lubricant already contained components which re- 
duced the wear to a value comparable with that obtained by 
“compounding” medicinal paraffin. 

A parallel series of tests to determine the effect of the 
foregoing variations in composition of lubricant on the wear 
under conditions of abrasion were carried out at a speed of 
1600 r.p.m., a b.m.e.p. of 60 Ib. per sq. in., and at a cylinder- 
wall temperature of 110 deg. cent. The difficulty observed in 
these experiments and, in fact, in most determinations of wear 
at normal temperatures, is that of measuring cylinder wear 
with any degree of accuracy within a reasonable period of 
time. Table 2 shows that the rate of cylinder wear was 
usually less than 0.0001 in. per 1000 miles, which is very 
small. Measurements of wear of the top piston-ring can, 
however, be made more accurately, and the use of such mea- 
surements is, therefore, advisable wherever it is justified. In 
carrying out the tests on the various lubricants, frequent check 
tests were carried out on the plain medicinal paraffin, and 
the figures in Table 2 are corrected for any slight variations 
in the basic rate of wear. 

Table 2 indicates that, under the conditions of these tests, 
the rate of wear with pure medicinal paraffin was very low 
and, in fact, was approximately the same as that of the com- 
mercial mineral lubricant, the figures for which are given in 
the same table. It is interesting to note that the engine was 


























CYLINDER WEAR IN GASOLINE ENGINES 195 





—_ $$ $$______ 
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Wear, in. per 1000 miles 


Cyl- Top 

Lubricant inder Piston-Ring 
MP. 0.00006 0.00017 
M.P. + 1 per cent oleic acid 0.00012 0.00040 
M.P. + 1 per cent palmitic acid 0.00006 0.00012 
M.P. + 1 per cent triolein oil 0.00007 0.00012 
M.P. + 10 per cent rape oil 0.00008 0.00009 
M.P. + 10 per cent aromatic extract 0.00013 0.00037 
Motor oil (proprietary mineral-oil 

blend) 0.00008 0.00016 





run for more than 400 hr. at normal temperatures when using 
pure medicinal paraffin without any trouble due to wear, and 
that the engine was always remarkably clean, there being no 
carbon formation. It will be recalled that, under conditions 
of corrosion, the wear was very high with medicinal paraffin. 
(See Table 1.) 

Table 2 shows that the various additions did not effect any 
marked improvement in wear; in fact, the addition of 1 
per cent oleic acid actually doubled the rate of wear. On the 
other hand, improvements in top piston-ring wear, though 
not in cylinder wear, were discernible with the addition of 
I per cent palmitic acid, of 1 per cent triolein, and of 10 per 
cent rape oil. The effect of the 10 per cent aromatic extract was 
to double the rate of wear, and this result is in agreement 
with published figures based on service tests,? which indicate 
that the effect of increasing the percentage of aromatic extract 
in a paraffin-base lubricant is to cause an increase of wear. 

The foregoing two series of experiments emphasize, there- 
fore, the necessity for oiliness to combat cylinder corrosion, 
and that oiliness is not essential to combat abrasion; in fact, 
one oily compound actually increased wear. From the stand- 
point of both abrasion and corrosion, it would appear that 
the most effective additions to the medicinal paraffin were 1 
per cent palmitic acid and 10 per cent rape oil. 

Piston Clearance —Experiments on the effect of skirt clear- 
ance were carried out at a cylinder-wall temperature of 120 
deg. cent., that is, under conditions of abrasion, the other 
conditions of the tests being indicated on Fig. 5. A series of 
plain pot-type pistons with unsplit skirts was used, the pistons 
being machined so that the skirt clearance (cold) varied 
from 0.0058 to 0.030 in. With one exception, the top land 
clearance was maintained approximately constant at 0.018 in. 
The clearances at the skirt, piston pin, and top land of the 
seven pistons used are given in the following table: 





Diametral Clearances, in. 


Skirt At Piston Pin Top Land 
0.0058 0.0077 0.0174 
0.0061 0.0104 0.0189 
0.0091 0.0126 0.0171 
0.0106 0.0150 0.0184 
0.0130 0.0181 0.0170 
0.0140 0.0247 0.0356 
0.0300 0.0202 0.0193 





In general, about six readings were taken at intervals of 
about 15 hr. in order to determine the rate of wear with a 
particular piston-and-ring assembly and, while individual 


8 See The Oil and Gas Journal, June 6, 1935, pp. 17-18; “Service Charac- 


teristics of Motor Oils as Related to Chemical Composition”, by David C. 
Merrill, C. C. Moore, Jr., and Ulric B. Bray. 


readings showed considerable “scatter”, the mean readings 
plotted in Fig. 5 against skirt clearance give a general indi- 
cation of the-selation between wear and skirt clearance. It 
will be seen that the effect of increasing skirt clearance on 
the wear of the top piston-rings was quite marked, while the 
effect on cylinder wear was much less appreciable. It is 
presumed that the increase of wear with clearance is due to 
the tilting of the piston in the bore; in which case it is not 
obvious why the effect of clearance should be greater on the 
piston-rings than on the cylinder bore. Fig. 5 suggests that, 
with zero skirt clearance, the wear of the top piston-ring 
would be reduced to zero and, while this is an unjustified 
extrapolation, it is proposed to extend the series of experi- 
ments to cover the effect of very small clearances. 

Effect of Radial Ring Pressure—A range of piston-ring» 
was prepared, the radial pressure of which varied from 6 to 
21 |b. per sq. i This pressure variation necessitated, of 
course, a corresponding variation in the radial thickness of 
the rings, but the width of the rings was maintained constant 
(3/32 in.). The tests were carried out at a speed of 3200 
r.p.m., a b.m.e.p. of 60 lb. per sq. in., and at a cylinder-wall 
temperature of 120 deg. cent., that is, under conditions of 
abrasion. The wear of the cylinder and of the top piston- 
ring is plotted against ring pressure in Fig. 6. It will be 
seen that there was an increase of wear with pressure, al- 
though the effect was not of great importance, particularly 
within the range of pressures usually met in practice. 

Effect of Ring Width.—Variation in the width of the rings 
would not appear to affect the unit pressure under otherwise 
similar conditions, but it was conjectured that this factor was 
of possible importance, and arrangements were made to carry 
out tests in which the piston-ring width was varied from 
3/64 in. to 3/16 in., that is, in a ratio of 1:4. While this 
series of tests is not yet complete, sufficient work has been 
done to indicate the importance of this variable. 

The first experiments were carried out on an overhead- 
valve air-cooled unit, similar in other respects to the water- 
cooled units used in previous experiments. The engine was 
operated at a speed of 1600 r.p.m. and at a b.m.e.p. of 60 |b. 
per sq. in., the maximum cylinder-wall temperature being 
approximately 170 deg. cent., so that the conditions studied 
were those of abrasion. Pistons 4, B, and C, shown in Fig. 8, 
were used in these tests, this figure also giving the relevant 
dimensions of the piston and rings. It will be observed that 
with the widest rings it was possible to accommodate only 
two rings and, in order to take three rings, a lowered piston- 
pin position was necessary, as shown in D of Fig. 8. 
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Fig. 7—Effect of Piston-Ring Width on Cylinder and 
Piston-Ring Wear 


The results obtained in the tests on pistons 4, B, and C 
are shown in Fig. 7, in which the diametral wear of the top 
ring and of the cylinder are plotted against ring width. It 
will be observed that the effect of ring width was quite im 
portant, or specifically, the rate of wear with rings 3/64 in. 
wide was about five to seven times that with rings 3/16 in. 
wide. 

Following these experiments, arrangements were made to 
carry out a similar series of tests on a water-cooled unit oper- 
ated at 3200 r.p.m., and at a cylinder-wall temperature of 
120 deg. cent. Experiments have so far only been carried 
out on pistons B and D of Fig. 8, the results being indicated 
in the table at the top of next column. 

It may be mentioned that both these tests are being pro- 
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Fig. 8—Pistons and Dimensions of Rings Used To De- 
termine Effect of Ring Width 
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ports because maximum fuel and maximum payload may not 
be carried together. This restriction often makes necessary the 
refusal of express, mail, or passengers. With a very small 
decrease in specific consumption, such as might safely be 
achieved on present engines with an automatic mixture control 
or a mixture indicator, we could be assured of a fuel consump- 
tion perhaps ro per cent less than our present value, and add 
an equal weight of payload. 

For the very short hops of “milk-run” airplanes, there is 
usually no increase in payload-capacity with decreases in spe- 
cific consumption until the length of trip is reached where 
maximum allowable payload of the aircraft is cut into by the 
minimum fuel required for the trip. For a typical 10,000-lb. 
airplane this marginal trip-length would be approximately 300 
miles, and at 400 miles the payload-capacity would be increased 
approximately 100 lb. with a decrease of 10 per cent in specific 
consumption. 

Operators are by no means unanimous in their opinions or 
their demands. Their problems vary widely and, with this 
variation, their most pressing needs vary. All are asking for 
more economical engines. Some are willing to go to increased 
weight of engines, accessories, and instruments. The total 
economy of the operation, however, must be given prior con- 
sideration over merely lowered specific consumption. Most 
eperators would put as their first demand: reliability at lower 
specific consumption. They are willing, in general, to decrease 
cruising power at this maximum-economy point. They would 
prefer to have the low specific consumption occur at low engine 
revolutions. They need better engine-control facilities. 

In the absence of an instrument to indicate specific con- 
sumption directly, it would be desirable to have a power-output 
reading not requiring computation. Operators need an instru- 
ment to read rate of fuel flow as accurately as the present 
Xactometer reads totals used. They need recording instruments 
for all engine data in order to find out what non-uniform 
operating conditions affect reliability and increased costs. They 
need tachometers which can be read more closely. They need 
cylinder-temperature indicators reading directly the maximum 
value from fourteen thermocouples. They need automatic 
temperature control of carburetor air heat. And finally, they 
need cooperation from the engine manufacturers to realize a 
maximum economy of engine operation. 
































Cylinder Wear in Diesel Engines 


By G. D. Boerlage and B. J. J. Gravesteyn 


Bataafsche Petroleum Mij. 


DISTINCTION is to be made between non- 

continuous-wear and continuous-wear mea- 
surements. To the former class belong measure- 
ments where the piston-rings are weighed or the 
cylinders and piston diameters are measured. 
Such a method takes a great deal of time, not only 
because of the long duration of the test itself but 
also because of the time necessary for the re- 
moval of the pistons, weighing, measuring, and 
re-assembling the engine. 


In the latter method, cylinder wear is measured 
by determining the ash content of oil dripping 
from the piston while the engine is running. A 
standard fuel and lubricating oil is used, and wear 
is expressed as a “wear factor”—the ratio be- 
tween the weight of ash collected on the sample 
used and the weight of ash collected from the 
standard sample. This factor correlates well with 
actual wear measurements. 


Wear decreases with decreasing load, but in- 
creases again with very light loads within speci- 
fied limits. Heavy fuels give slightly more wear 
than lighter fuels. Addition of 0.005 per cent of 
quartz dust into injection air multiplied the wear 
six times. Organic acids added to the fuel did not 
affect the wear. Tests with Diesel engines have 
proved that the temperature of the cooling water 
has little effect on wear. With the addition of 2 
per cent or more of distilled water, wear is ap- 
proximately doubled. 


N the British periodical, The Motorship, August, 1932, 

an article entitled “Cylinder Wear in Diesel Engines” 

was published and the authors intend to deal here with 
some supplementary information on that subject. 


Two Methods of Measuring Wear 

A distinction is to be made between non-continuous-wear 
and continuous-wear measurements. 

To the former class belong those measurements where the 
piston-rings are weighed or cylinder and piston diameters 
“re measured. Such a method takes a great deal of time, 
not only because the duration of the test itself has to be 
relatively long but also because the removal of the pistons, 


[This paper was presented at the Annual Meeting of the Society, 
Detroit, Jan. 15, 1936.] 


weighing, measuring, and putting the engine together again 
take a lot of time. Furthermore, the taking down and re- 
assembling of the engine result in small mechanical devi- 
ations affecting the results. Another drawback is the impos- 
sibility of observing the wear continuously; heavy wear 
may occur during a short time and spoil the result without 
being detected as such, for example, owing to temporary 
lack of proper lubrication. 

To the continuous method belongs the one worked out 
in the Delft Laboratory and described in the previously 
mentioned article, in which the oil dripping from the piston 
is collected continually while the engine is running. The 
quantity of ash in the oil drippings appears to be a good 
guide for relative wear measurements. 

The advantage of this method is that it yields reproducible 
results within a very short time, and any interruption in the 
continuous picture of the wear can be detected. For practical 
use it has the disadvantage that generally sufficiently accurate 
working control cannot be exercised, a drawback that does 
not apply, however, to laboratory work. 


The Delft Method Described in Particular 
Experiments were started at first with an air-injection 
Diesel engine (1 cylinder; 4 cycle; 50 hp.; bore x stroke, 
320 x 450 mm.; 250 r.p.m.). The engine was fitted for the 
purpose with a gutter for collecting the cylinder oil dripping 
from the piston and with a slide (Fig. 1), fitting, by means of 
a sleeve, around the connecting rod, between cylinder and 
crankcase so as to separate the cylinder oil from the crank- 
case oil. Oil was fed to the cylinder at the rate of about 
60 gm. per % hr., of which about 50 gm. was collected again 
in a crucible for the determination of the ash content. When 
using gas oil as fuel the ash content was about 30 mg. 

(about 0.06 per cent of the oil collected) at full load. 


Correlation with Other Wear Measurements 


The quantities of wear products collected were found to 
yield good reproducible values provided care was taken to 
maintain constant conditions during the test run. It was also 
found that, with a 50-hr. run under varying conditions, there 
was good agreement between the loss in weight of the piston- 
rings and the quantity of wear products collected. From 
data known to us, we get the impression that, as a rule, a 
fairly fixed relation exists between loss of weight of piston- 
rings and cylinder wear. Tests made with a solid-injection 
engine (1 cylinder; 4 cycle; 40 hp.; bore x stroke, 275 x 460 
mm.; 250 r.p.m.) with various fuels and loads yielded results 
similar to those obtained with the previously mentioned air- 
injection engine. 

Fig. 2 gives an example of the wear with a certain fuel and 
shows, among other things, the typical high wear when 
starting up from cold. As these tests give only comparative 
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values a standard fuel (or a standard lubricating oil) was 
taken as a basis for comparison. 

The ratio between the quantities (by weight) of ash col- 
lected every half hour with the fuel (or oil) tested and the 
standard fuel (or oil) was given the name “wear factor”; for 


example in Fig. 2 this ratio appears to be about ~ == 3%. 


Weight of Ash per Half Hour and Ash Percentage 

These values are plotted in the same graph against time 
together with the quantities of oil collected and, as the latter 
quantities remained practically constant in this case, the 
curves of milligrams of ash per half hour and of ash per- 
centages run fairly parallel. With a sudden change in the sup- 
ply of oil (for instance, when the load is changed) consider- 
able differences may, of course, occur in the ash percentage of 


the oil. In the tests at Delft, therefore, the weight of ash per 
half hour is used in preference as an indication for wear but, 
in cases where for some reason or other the oil supply is 
irregular (for example, owing to deficient lubrication) it may 
be advisable to take the percentage curve as a guide. 


Iron Content in the Ash 


As regards the ash content of the fuel it is to be remarked 
that for most fuels 80 to go per cent of iron oxide is found 
in the ash collected, the remaining 10 to 20 per cent consisting 
of other substances originating from fuel, oil, combustion air, 
or admixtures present in the material from which the piston- 
rings and liner are made. In the case of fuels already having 
a high ash content the iron-oxide percentage in the wear 
products may sometimes be no more than about 60 per cent. 
If the fuel ash consists entirely or partly of iron oxide, it is 
not so easy to decide what portion of the iron oxide in the 
wear products originates from the fuel. In order to ascertain 
this quantity, the fuel was injected with copper naphthenate 
and, from the quantity of copper passing with the fuel into 
the engine and the quantity of copper oxide in the wear 
products, the portion in the fuel could be determined. Similar 
tests were made with other metals, such as zinc and lead. It 
was found that, with metal percentages of 0.01 to 0.05 per cent 
in the fuel, 0.5 to 1 per cent of the total quantity of that 
metal reaches the crucibles forming, for instance, 10 to 50 
per cent of the wear products. 


Fuel and Oil Wear 


Several fuels appeared to cause considerable differences in 
wear. Heavy residual fuels generally gave more wear than 
lighter fuels; only in extreme cases, however, was the dif- 
ference appreciable. Proper combustion may for a large part 
counteract this phenomenon. Under normal working condi- 
tions practically no difference was found in the wear caused 
by various cylinder oils on the market. 


Wear under Different Loads 
Fig. 3 gives an idea of the wear with the engine running 
at a constant speed but under varying loads. Between loads 
ot go and 45 per cent there is less wear as the load is lower; 
on the load being still further reduced the wear continues 
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Fig. 2—Graph Showing Results of Test Runs on 
Standard and Test Fuels. 
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Fig. 3—The Influence of Varying Loads When Using the Same 


Fuel. 
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Fig. 4—-Instances of Relative Wear with Different Loads 
on Air-Injection and Solid-Injection Engines. 


to diminish until a load of about 30 per cent is reached, after 
which point it rises again. This phenomenon is connected 
with lacquering in the cylinder due to incomplete combustion 
of the fuel at low temperature.'' This lacquer, containing 
organic acids, is apparently corrosive. Such a phenomenon 
was hardly noticed at all in Diesel engines with direct in- 
jection (see Fig. 4). 


Effect of Fuel Ash and Acid Content on Wear 

Various impurities in the fuel may cause differences in 
wear. An admixture of 0.005 per cent by weight of quartz 
dust in the fuel used in an air-injection engine resulted in 
six times, and an admixture of 0.01 per cent quartz dust even 
nine times, as much wear as normally. 

Impurities chemically bound in the fuel which, of course, 
cannot be removed either by filtering or by centrifuging, may 
contribute to the formation of ash. Very often they are found 
to contain iron, zinc, or copper, which metals were either 
originally present in thé'ftel or have become bound in it 
during storage owing to the action of acids in the fuel. 

The effect of such metals on wear has been investigated by 
admixing with the. fuel .iron, zinc, copper, and lead 
naphthenates. It was found that in tests of short duration 
additions of 0.035 per cent and 0.06 per cent of lead and 
copper naphthenates did not increase the wear; 0.045 per cent 
zinc naphthenate appreciably reduced wear, namely by 40 
per cent, whilst 0.05 per cent iron naphthenate trebled the 
wear. Normally such high percentages of metal in the fuel 
are very rare. 

Organic acids added to the fuel did not affect wear; ap- 
parently they burn normally to CO, and H,O. 


Effect of Cooling-Water Temperature 


Contrary to experience with gasoline engines, tests with 
the Diesel engines proved that the temperature of the cooling 
water has little effect on wear. Tests were made on various 
fuels, under different loads and with cooling-water tempera- 
tures of 25 deg. cent. and go deg. cent. without finding any 
increase in wear greater than 10 to 20 per cent at the lower 
temperature. 





1See Preprint 76, World Petroleum Congress, 1933, London; “Lacquer 
Formation in Diesel Engines’, by C. A. Bouman. 


Effect of Addition of Water 


Of more importance was the effect when the air contains 
a certain quantity of water, as may occur on board ships. 
Small quantities of water were admixed with the intake 
air in the form of small drops; in another test the water was 
injected with the fuel. The effect of distilled water, salt wa- 
ter (distilled water +-NaCl), and of sea water in various per- 
centages was investigated. 

With an excess of air of 100 per cent and a fuel consump- 
tion of 180 gm. per b. hp-hr., roughly 44% cu. m. of air per 
b. hp-hr. is sucked in by the engine. If this air has a tem- 
perature of 15 deg. cent. and a relative humidity of 80 per 
cent the 4¥, cu. m. contains about 45 gm. of water, namely 
about 25 per cent of the fuel consumed. Consequently, in 
comparison with the relative humidity of the air prevailing 
at the time the tests were made—5o to 60 per cent at tem- 
peratures of 17 to 25 deg. cent.—the quantities of water that 
we used (maximum 4 per cent of fuel consumption) are 
to be regarded as very small, the more so as the quantity of 
water vapor produced at combustion (over 100 per cent of 
the fuel!) was not taken into account. 

Such additions of water, however, were found to affect 
the wear considerably (see Fig. 5). Distilled water up to 
2 per cent of the fuel already gave an appreciable increase in 
wear, but with higher percentages this wear remained prac- 
tically constant, in contrast with salt water and sea water, 
high percentages of which resulted in heavier wear. The 
increase in wear is considerable; with 2 per cent and more 
distilled water, twice as much, and with 3 per cent sea water 
three times as much as normal and even more. The data 
clearly show the remarkable and considerable effect of water 
addition on wear. The cause is perhaps that even quite 
small water drops may penetrate through the oil film and be 
detrimental through corrosive action and local cooling, which 
action is being investigated further. 

The foregoing demonstrates the results obtained by con- 
tinuous measuring of wear. However, the importance of 
constant motor adjustment and careful working control is 
not to be underestimated; reliable sampling is essential. Un- 
less adequate precautions are taken, there is a danger of mis- 
leading and even totally wrong conclusions being drawn. 
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Fig. 5—Wear with Water Addition. 
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The Effect of Gas Pressure 
on Piston Friction 


By Morris P. Taylor 


Formerly Graduate Student, Massechusetts Institute of Technology 





HE effect of gas pressure on piston friction 

was investigated, in the laboratory of the 
Massachusetts Institute of Technology, by driving 
with an electrical dynamometer a six-cylinder 
engine with the valves removed and the valve-stem 
bushings plugged. Air under pressure was ad- 
mitted to the closed space made up of the cyl- 
inders, valve passages, and manifolds, and a con- 
stant air pressure was maintained on the pistons. 


Under these conditions, it was found that the 
friction increased approximately as a linear func- 
tion of the pressure and the running speed. The 
effect of jacket-water temperature on piston fric- 


tion was marked, but it could not be directly con- 
nected with the absolute viscosity of the oil at 
the temperature of the jacket water. Tests run 
with gas pressure relieved from behind the piston 
rings indicated that about a fourth of the rate of 
increase in friction with pressure is due to gas 
pressure behind the rings. 


Computations from the test results indicate 
that the increase in friction due to gas pressure 
on pistons, as compared with piston friction on 
the ordinary motoring friction test, is in the neigh- 
borhood of 2 to 3 lb. per sq. in. m.e.p., for this 
type of engine. 








N internal-combustion engines the piston friction is the 
largest item in the friction losses of the engine. The 
pressure per unit area on the piston faces is lower than 
that of the bearings, but the coefficient of friction is of a higher 
order. The rotating bearings can be fed a supply of oil ade- 
quate to maintain thick-film lubrication. But it is necessary 
to limit the amount of oil going to the cylinder wall to that 
of the oil spray and to use oil scraper rings to prevent exces- 
sive oil consumption. The conditions are those of indetermi- 
nate thin-film lubrication, and the coefficient of friction is 
much higher than that of a bearing. 

Tests of piston friction under gas-pressure conditions have 
been made by H. R. Ricardo, using a single-cylinder engine 
with a large connected expansion chamber. The cylinder and 
expansion chamber were thermally isolated, and piston friction 
was measured as heat. Several years later H. Moss? made 
some tests on a single-cylinder unit using a compression- 
expansion cycle. Both these tests showed a considerable in- 
crease in piston friction under conditions of gas loading. 
The present test can be considered as an extension of this 


[This paper was presented at the Annual Meeting of the Society, Detroit, 
Jan. 15, 1936.] 

1See The Automobile Engineer, London, October, 1922, p. 304; “Some 
Recent Research Work on the Internal Combustion Engine’’, by Harry R. 
Ricardo. 

2See 1927 Reports and Memoranda No. 1128, British Aeronautical Re- 


search Committee; ‘‘Motoring Losses in Internal Combustion Engines’’, 
by H. Moss. | . ‘ ; 
8 See Mechanical Engineering, November, 1933; “Internal Combustion 


Engine Research at the Massachusetts Institute of Technology”, by 
C. F. Taylor. 
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work, the investigation of the effect on piston friction of 
increasing gas pressures being carried over a wider range and, 
in addition, a study of the effect of speed and of oil viscosity 
on the relation of piston friction to gas pressures. 


Method of Test 


All tests were made in the automotive laboratory of the 
Massachusetts Institute of Technology.’ In order to study 
the effect of gas loading on piston friction, a six-cylinder 
Chrysler “zo” automobile engine was altered to allow a con- 
stant gas pressure to be applied to the pistons, and to elimi- 
nate pumping losses. The engine was changed as follows: 

(a) The valves were removed, and the valve-stem guides 

plugged. 

(b) The external openings of the intake and exhaust mani- 
folds were closed, so that they, the valve passages, and 
the cylinders formed one closed body. 

(c) In order to eliminate external friction, the oil and water 
pumps were driven independently. This arrangement 
also provided a constant rate of oil feed. 


Since, in a six-cylinder engine, the common center of mass 
of the pistons is constant (to the sixth harmonic, which 1s 
insignificant), it follows that the volume of the enclosed 
body does not change as the engine is rotated. Since both 
the intake and the exhaust passages are open, the pumping 
losses due to the transfer of gases from one cylinder to another 
should be small. It was, therefore, possible to admit air under 
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EFFECT OF GAS PRESSURE ON PISTON FRICTION 


pressure to the closed body made up of the cylinders and the 
manifolds, and to study the increase in friction in relation to 
the gas pressure on the piston. 

The same oil was used throughout the test. It was a pure 
mineral oil, and had a Saybolt Universal viscosity of 395 sec. 
at 130 deg. fahr., 134 sec. at 180 deg. fahr. and 79 sec. at 
210 deg. fahr. The absolute viscosities at these temperatures 
were 100, 31, and 15 centipoises respectively.* 

Standard pistons, shown on Fig. 1, were used for this 
experiment. They had three rings, all above the pin. The 
top ring was a plain compression ring. The second ring was 
both a compression and an oil ring, having a step cut in 
the lower part of the working face. The lower ring was a 
slotted oil wiper. The lower groove had holes drilled through 
the bottom, and also the lower land was cut away. There 
was an open space between the lower land and the bearing 
part of the piston. The piston was of the inverted-slipper 
type, having a complete bearing surface at the lower part, 
with slippers on each working face extending up almost to 
the lower land. The bearing part of the piston was split on 
the “off” side. This piston was well adapted for the purposes 
of this experiment, as air blowing by the rings did not work 
down between the cylinder wall and the slipper faces. 


Results of Test 


(A) In the first series of tests the engine was motored with 
the valves in operation and the manifolds open. The oil 
and water temperatures were kept at 180 deg. fahr. These 
tests gave the usual friction curve, except that the oil and 
water pumps were driven independently. The absence of a 
carburetor and of an exhaust pipe may have reduced the 
pumping losses slightly. The results of these tests are shown 
in Fig. 2, Test 4. The friction mean effective pressure in- 
creases somewhat faster than the speed, the curve bending 
upward. 

(B) In this series of tests the engine was run with the 
valves removed and the manifolds open to atmosphere, so as 
to have no pumping losses. The standard oil and water 


‘This transformation was made using the curves in A. H. 
Analysis, J. B. Lippincott Co., Philadelphia, 1927. 

5 See 1924 Reports and Memoranda No. 931, British Aeronautic: al Re- 
search Committee; ‘““The Friction of Pistons and Piston Rings x by . 
Stanton, also N. A. C. A. 1927 Technical Report No. 262, “Friction of 
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Aviation Engines’, by S. W. Sparrow and M. A. Thorne. 
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Fig. 1—Sketch of Piston 
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Fig. 2—Friction Tests at Various Speeds 


temperatures were used. The results are shown on Fig. 2, 
Test B. It will be noticed that they are about 4 lb. per sq. in 
less than the engine with pumping losses, and that they are 
practically in a straight-line relation to speed. On these tests 
indicator cards were made at 1850 r.p.m. with the M.I.T. 
point-by-point indicator to determine if there were any appre- 
ciable pumping losses. Cards made with a 7 lb. per in. 
spring showed a zone of points extending to about 4 lb. per 
sq. in. on each side of the atmospheric pressure line. This 
zone extends uniformly across the card and indicates a high- 
speed pulsation of air waves of small amplitude, not in time 
with the engine speed. It is plain that, with the arrangement 
of connected cylinders used, the pumping losses are negligible. 

(C) This test was run with no piston rings, and with 
atmospheric pressure. Oil and water were at 180 deg. fahr. 
The results, shown on Fig. 2, Test C, indicate that a large 
part of the piston friction is due to the presence of the rings. 
This drop in friction does not necessarily represent the friction 
of the rings, but may be partly due to decreased friction 
of the piston. The lubrication conditions are undoubtedly 
changed by removing the rings, so the friction of the bearing 
part of the piston may be considerably reduced.° 

(D) These tests were run with the standard oil and water 
conditions, at three speeds. The gas pressure on the pistons 
was increased by steps from atmosphere to 120 Ib. per sq. in. 
gage. The resultant curves, shown on Fig. 3, show that the 
pressure increased the friction at all speeds, and that the 
increase in friction per unit pressure was greatest at the 
higher speeds. All three curves have the following charac- 
teristic shape: 

In the lower pressure ranges the relation of friction to speed 
decreases as the pressure is increased, thus the curves have 
a decreasing slope. At higher pressures, however, the curves 
have a straight line relation to the pressure. It is found that, 
at the higher pressures where the relation is linear, the slope 
of the curves is nearly in proportion to the speed. Thus the 
corresponding slope-speed relations from 60 to 120 lb. per 
sq. in. are as follows: 
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Fig. 3—Effect of Gas Pressure on Friction 





Increase ip Increase in Friction x 100 
Speed, r.p.m. Friction M.E.P. Speed, r.p.m. 
1200 2.6 2.16 
1500 3-3 2.20 
1850 3.9 2.11 


The average value is 2.16. Since the slight variations are not 
consistent, they are probably errors in measurement. It is 
apparent that, at the higher pressures, the increase in friction 
varies almost directly with the speed and with the gas = 
sure. In the lower pressure ranges, below 50 lb. per sq. 

the friction does not follow any direct rule. At bin 
pressure it is about proportional to speed, which would indi- 
cate that the increased side force on the piston due to inertia 
has little effect on friction.* The friction increases with the 
gas pressure over the lower ranges as some irregular function; 
the curves (see Fig. 3) have a decreasing slope until they meet 
the straight line portion. 

(E) A series of tests was run at 1500 r.p.m. with variable 
gas pressure at three different jacket-water temperatures, 100, 
140, and 180 deg. fahr. The results of these tests are shown 
on Fig. 4. There is a marked increase in friction with lowered 
water-jacket temperature. The increase in friction for a given 
increase in pressure does not appear to be in direct relation 
to the absolute viscosity of the oil measured at the jacket 
temperature. A comparison of the absolute viscosities of the 
oil at the various temperatures, as compared with the increase 
of friction from o to 120 lb. per sq. in. pressure, gives the 
following results: 

Viscosity of Oil at 

Jacket-Water 


Jacket-Water Increase in Friction 


Temperature, Temperature, M.E.P., 0 to 120 |b. 
deg. fahr. centipoises per sq. in. pressure 
100 270 9.3 lb. per sq. in. 
140 74 8.2 lb. per sq. in. 
180 29 7.9 |b. per sq. in. 


®See N.A.C.A. 1927 Technical Report No. 262; ‘‘Friction of Aviation 
Engines”, by S. W. Sparrow and M. A. Thorne. 
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The curves of Fig. 4 also show that the increase in friction 
with no air pressure is not in proportion to the viscosity; the 
change in friction from 180 deg. fahr. to 140 deg. fahr. is out 
of proportion to that obtained between 180 deg. fahr. and 
100 deg. fahr. when compared with the change in absolute 
viscosity. 

(F) In this series of tests the gas pressure behind the piston 
rings was relieved by drilling ten holes of 0.089-in. diameter 
through the top-ring groove. In order to test the pressure 
behind the rings, a manometer tube was inserted in one of 
these holes and gas pressure applied to the piston, with the 
engine standing. It was found that the drilled groove reduced 
the pressure behind the top ring to about 15 per cent of the 
pressure on the piston. 

Running tests with different pressures were made with 
the engine in this condition to determine how much of the 
increase in friction with increasing gas pressure was due to 
the gas pressure behind the rings.@On account of the leakage 
of air through the holes, it was not possible to carry on 
these tests above 35 lb. per sq. in. The results of these tests 
and of the corresponding tests without the drilled grooves 
are shown on an enlarged scale on Fig. 5. At 1200 and at 
1850 r.p.m. the differences in slopes of the curves with and 
without the drilled grooves are 22 per cent and 25 per cent 
respectively. The 1500-r.p.m. curves show an increase in 
slope of 40 per cent, which is probably due to some error in 
the test. Due to the rapid leakage of air through the drilled 
groove, it was difficult to maintain constant-pressure con- 
ditions. 
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Fig. 4—Effect of Jacket-Water Temperature on Friction 











EFFECT OF GAS PRESSURE ON PISTON FRICTION 


Discussion of Results 


(A) The first matter to be investigated is what proportion 
of the increase in friction resulting from gas pressure is due 
to piston friction, and what part is due to additional bearing 
friction. 

The main and the connecting-rod bearings are lubricated 
by internal pressure feeds, and the oil flow is such that con- 
ditions of continuous thick-film lubrication are obtained. 
Under such conditions, it has been found that the coefficient 
of friction is proportional to the oil viscosity multiplied by 
the speed over the unit pressure. Experiments on lubricated 
journals indicate that, while this rule does not hold absolutely, 
it can be applied within reasonable limits without excessive 
error. In the case of the engine tested, the viscosity of the 
oil was not changed. Since the coefficient of friction, other 
things being equal, is inversely proportional to the unit pres- 
sure, it follows that the frictional resistance of the bearings 
will be unchanged by changes in load. It therefore follows 
that the bearing friction, although it will increase approxi- 
mately in proportion to the speed, will be unaffected by 
changes in gas-pressure conditions. This conclusion is correct 
only within reasonable limits of pressure change and of speed, 
but in no case was the test engine worked at abnormal pres- 
sures, and the speed range was moderate.’ 

The preceding argument does not apply entirely to the 
friction of the piston pins, which may increase somewhat 
with gas pressure. But, since piston-pin friction is a rather 
small item, the possible increase will not cause serious errors. 

(B) The next question is the interpretation of the curves 
of friction versus gas pressure. It was found that at pressures 
from o to 50 lb. per sq. in. the friction increased rapidly with 
increasing gas pressures, but that the curves had a decreasing 
slope with increased pressure. At above 50 lb. per sq. in. 
pressure, the increase in friction was proportional to the gas 
pressure and to the engine speed. In order to investigate this 
matter further, it is necessary to determine how the piston 
side force and the product of side force times rubbing speed 
(rubbing factor) are influenced by changes in engine speed 
and in gas pressure. 

The inertia forces vary with the square of the engine speed. 
During a single revolution they are greatest at top dead- 
center and are zero at about 80 deg. from top-center. From 
this point to bottom-center, the forces increase in the opposite 
direction, reaching a maximum for this direction at bottom- 
center. During the upper part of the stroke, from top-center 
to 80 deg., the inertia forces are in opposition to those caused 
by gas pressure, and will, therefore, be called negative. The 
inertia force must be combined with the tangent of the con- 
necting rod angle and with the instantaneous rubbing speed 
to get the product of pressure times velocity, or rubbing 
factor. On Figs. 6, 7, and 8 the rubbing factor products of 
the inertia forces are shown for the three speeds, 1200, 1500, 
and 1850 r.p.m. 

The gas loading on the side wall is the product of the gas 
pressure on the piston and the tangent of the rod angle. 
This value combined with the instantaneous velocity gives 
us the rubbing factor for constant gas loading. To this 
product we must add or subtract the inertia force for each 





7 For an extensive discussion of bearing friction see S.A.E. Transactions, 
1922, Part I, pp. 203-279; “The Mechanism of Lubrication” and ‘‘Measure- 
ont . the Property of Oiliness’’, by Robert E. Wilson and Daniel P. 
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Fig. 5—Effect of Drilling Top Piston-Ring Groove 


position to get the net rubbing factor for running at a given 
speed with a constant gas pressure. The resultant products 
for the three speeds are also shown on Figs. 6, 7, and 8. 

The first point to note from these figures is that high gas 
pressure prevents the inertia force from forcing the piston 
over on the “off” side during the upper part of the stroke. 
With no pressure, the piston “crosses over” near mid-stroke 
but, as the pressure is increased, the point of reversal of 
pressure gets nearer top dead-center, until the pressure be- 
comes sufficient to keep the piston bearing on the working 
side during the entire stroke. This reversal of pressure at 
light gas loads will have an influence on the oil film con- 
ditions, since oil will have a chance to work under the piston 
face during the upper part of the stroke. At the point of 
reversal of pressure, the piston will move over against this 
oil film. On the other hand, with gas pressures sufficiently 
high to keep the piston bearing on the working face the 
entire stroke, the oil film is being continuously squeezed out 
by the pressure. It will be seen in the diagrams that the side 
pressure due to high gas loading much exceeds that due to 
inertia, which condition will, of course, increase the tendency 
of the pressure-loaded piston to squeeze out the oil film.® 

Another point to be noted on the diagrams is that at high 
pressures the inertia forces have little effect on the rubbing 
factor, which is practically proportional to the pressure and 
speed. 

With the aid of these diagrams of instantaneous rubbing 
factors it is possible to determine the average rubbing factor 
over the entire stroke. Since the diagrams are plotted on a 
basis of piston position, an average value can be obtained in 
the same way that a mean effective pressure is found from 
an indicator card; except that friction is always positive, and 
the positive and negative signs for the rubbing factors shown 
on the diagrams refer only to the direction of the force caus- 
ing friction. It is now possible to compare the increase in 
friction between any two pressures with the change in rub- 
bing factors, and to determine if there is any relation be- 
tween friction and average rubbing factor. The values for 
the increase in friction as compared to the increase in rub- 
bing factor, for the three different speeds, and at pressures 
from 0 to 50 lb. per sq. in., and from 50 to 100 lb. per sq. in., 
follow: 
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(Transactions) 
o to 50 Ib. per sq. in. Gas Pressure — 400,000 
Speed, Increase in Increase in Increase in Friction x 100,000 
r.p.m. Friction Rubbing Factor Increase in Rubbing Factor 350.000 
1200 35 72,000 4-7 < 
1500 3-7 82,000 45 "E 300,000 
1850 3.6 82,000 4.4 ry 
50 to 100 1b. per sq. in. Gas Pressure. — ¢ 250,000 
1200 2.1 89,000 2.5 = 900000 
1500 2.9 114,000 2.5 5 
1850 3-3 140,000 2.4 & 150,000 
At the higher values of gas pressure, 50 lb. per sq. in. rs 
and up, the ratio between the increase of friction and the £ 100,000 
increase in the rubbing factor is almost constant. Since the me 
fhe : : - & 50,000 
pressure-friction curves on Fig. 3 show that the relation of .£ 
gas pressure and increase in friction is linear from somewhere § 4 
around 50 lb. per sq. in. to the highest pressure tested, it can © 
be concluded that piston friction at the higher pressures ~50.000 
varies directly with the side pressure and the rubbing speed. : | 
The values for the ratio between rubbing factor and in- ~ 100,000 | 
crease in friction from o to 50 lb. per sq. in. have no direct o 10 2 gS A fgg 80 90 100 


meaning, as they are the average values over the entire 
range of a varying function, and would not apply at all 
points along the curve. At zero pressure the friction is about 
proportional to speed, showing that with the inertia loading 
the piston friction is only slightly affected by the increased 
side force due to greater inertia.* This result is probably 
due to the characteristic of inertia loading; since the side 
pressure is low in the position of maximum piston speed, 
conditions are more favorable for maintaining an oil film 
under the piston face. 

From the curves of rubbing factors, it is apparent that at 
each speed there is a gas pressure where the pressure side 
forces are just large enough to overcome the inertia forces 
and keep the piston in contact with the same side of the 
cylinder wall during the entire stroke. This “point of lowest 
constant pressure” is shown on Fig. 3. It will be seen that it 
more or less agrees with the points where the curve of friction 
at low pressures meets the straight line of the higher 
pressures. 

(C) Under conditions of variable jacket-water tempera- 
tures, the changes in piston friction were not directly related 
to the absolute viscosity of the oil at the jacket-water tem- 
perature. There are several possible explanations for this 
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Fig. 7—Rubbing Factors—1500 R.P.M. 


discrepancy. In the first place, on all the runs the oil in the 
crankcase was kept at 180 deg. fahr. so as not to increase 
the bearing friction. With the open-slipper piston, it is pos- 
sible that the oil was being thrown up from the crankcase, 
and draining back so rapidly that it did not get down to the 
jacket temperature. On the run with roo-deg. water, it was 
difficult to keep the oil temperature up, which difficulty would 
indicate a rapid circulation of oil up onto the cylinder walls 
and back to the pan. The second possible explanation is that 
the oil film between the piston and the wall stands up better 
with oil of greater viscosity, with the result that an increase 
in viscosity would have less effect than it would have in a 
bearing. The thicker oil would have much more resistance 
to being squeezed out by side pressure on the piston, and so 
conditions more nearly approaching continuous thick-film lu- 
brication are obtained. 

Whatever the possible explanation is, all we can positively 
say from these experiments is that decreases in jacket tem- 
perature did not give increases in piston friction corresponding 
to the change in viscosity of the oil at the jacket temperature.’ 

(D) The theoretical interpretation of the results of these 
tests is somewhat difficult, but the most probable explanation 
is that there is only partial or thin-film lubrication between 
the piston face and the wall because the oil film is broken 
down by the piston side pressure. 

Probably the best argument for this idea of piston lubri- 
cation is the marked difference between the piston friction 
with no gas load, and that of the loaded piston. When a 
piston is only subject to inertia forces, the direction of pressure 
is reversed near mid-stroke, and this reversal of pressure 
brings the pressure side of the piston over against a wall that 
has been on the clearance side and has, therefore, filled up 
the clearance with oil. Therefore, it is arguable that this 
distinct change in friction from inertia to gas-pressure con- 
ditions is due to the difference between the reversed side 
loading without pressure, and the uni-directional side loading 
with gas loading, which tends to reduce the oil-film thickness 
on the working side and to break down the film. Unlike a 
bearing, a piston has a variable speed. Under the inertia 
loading the pressure is least when the piston speed is highest, 
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which wills make for a thick oil film. Under constant- 
pressure gas loading conditions, the pressure is highest at the 
point of highest speed, so that the increased tendency of oil 
to work in between the face and the wall is opposed by a 
side pressure which varies approximately as the instantaneous 
piston speed during the stroke. With an increase in pressure 
at constant speeds, this tendency to thin out and break down 
the film is increased. 

Another indication that there is not complete film lubri- 
cation between the piston and the wall is the great difference 
in no-load friction found by running with and without the 
piston-rings. The piston-rings have an effect that seems out 
of proportion to their unit bearing pressure, and this effect 
is probably due to their changing the oil-film conditions since 
the rings act as oil scrapers. 

The influence of oil viscosity on piston friction might pos- 
sibly be taken as an argument against the theory of partial 
lubrication until it is remembered that changes in viscosity 
affect partially lubricated surfaces as well as flooded ones. 
Also the oil drag on the side of the piston opposite the pres- 
and at the front and back faces would be much 
increased by thick oil. The in friction with cold 
jacket temperatures is not necessarily confined to the work 
ing 

On the tests conducted here, the increase in piston friction 
due to gas loading was some 6 per cent of the average side 
loading, a value for coefficient of friction which is consider- 
ably higher than that obtained on tests of bearings. Summing 
up, it may be stated that 


sure face 
increase 


face. 


all the indications are that, with 
gas pressure in the cylinder, the piston does not run on a 
complete oil film. The conditions are such that the friction 
varies with the rubbing factor, that is, as the product of the 
pressure times the rubbing speed. 

A question of practical interest is that of the difference in 
friction between the usual pumping friction tests and that 
of full-power operation caused by the increase in piston 
friction with gas pressure. The rubbing-factor curve for a 
typical 130 Ib. per sq. in. i.m.e.p. indicator card is shown on Fig. 
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g. Using the friction curves for 1850 r.p.m., it was found that 
the increase in friction due to the compression stroke would 
be about 2 lb. per sq. in. m.e.p., and that of the firing stroke 
10 lb. per sq. in. Since each of these strokes occurs once in 
each four strokes, whereas in the test the pressure was con- 
tinuous, the values must be divided by four to get the re- 
sultant change in friction mean effective pressure for a four- 
cycle engine. It will be thus found to be in the neighborhood 
of from 2 to 3 lb. per sq. in. m.e.p., a change which is a 
material part of the total friction but is not of great importance 
compared to the total engine output. 


Conclusions 


(1) Piston friction under conditions of gas loading varies 
with the side pressure and the rubbing speed. At low pres- 
sures the relation is complex, but at higher pressures the 
relation is practically linear. The influence of inertia side 
pressure on piston friction is not similar to that of gas pres- 
sure, due to the different characteristics of inertia loading. 

(2) Changes in oil viscosity due to changes in jacket-water 
temperature have a marked influence on piston friction, but 
do not greatly affect the rate of increase of friction with gas 
pressure and speed. The explanation is somewhat uncertain, 
as the test results do not correlate with the absolute viscosity 
of the oil at the jacket-water temperatures used. 

(3) The rate of increase of friction with increased gas 
pressure was reduced about one-quarter when the gas pres- 
sure behind the rings was relieved. On the other hand, the 
reduction in friction obtained by running without rings was 
of a much larger order, which would indicate that the pres- 
ence of the rings interferes with piston lubrication. 

(4) For an engine of the type tested the increase in piston 
friction at full load, as compared with that when the engine 
is run under the conditions of the usual friction test, would 
amount to between 2 and 3 |b. per sq. in. m.e.p., depending 
on piston speed. 
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Cetane Rating of Diesel Fuels 


By P. H. Schweitzer and T. B. Hetzel 
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Pennsylvania State College 





N the testing method described in this paper the 
moment of ignition is determined by a mecha- 
nism consisting of a diaphragm in thecylinder head, 
a phonograph “pick-up,” a short stiff wire trans- 
mitting the motion of the diaphragm to the pick- 
up, a thyratron relay, and a neon lamp protractor. 
When ignition occurs in the cylinder the flexing 
velocity of the diaphragm is sufficiently high so 
that the voltage generated in the coil of the pick- 
up trips the thyratron tube and permits a high- 
tension condenser discharge to be sent through 
the neon lamp which by its flashes then indicates 
the time of ignition. 


Because of the absence of friction and are- 
ing the action of the pick-up is more regular 
than that of a bouncing pin. A similar pick-up 
is used for indicating injection timing. Using this 





the more pressing becomes the need for a yardstick. 

The A. S. T. M." selected the “cetane number” for 
measuring ignition quality. By definition a Diesel oil is 40 
cetane number if in ignition quality it equals a blend of 40 
per cent cetane (C,,H,,) and 60 per cent alphamethyl- 
naphthalene (C,,H,,). So we do have a yardstick, and the 
only problem is how to apply it, in other words, to find a 
procedure by which one can tell whether or not a sample 
fuel has the same ignition quality as a reference fuel. 

The solution of Pope and Murdock? is essentially a starting 
test. The testing engine is motored without injection at a 
certain compression ratio. Then, for 3 sec., the nozzle vent 
is closed and injection allowed to take place. If no firing 
occurs, the procedure is repeated with a higher compression 
ratio. The lowest compression ratio at which firing occurs 
is the “critical compression ratio” or C.C.R. If the C.C.R. 
of the sample fuel and the reference fuel are equal, they have 
the same cetane number. 


Ve more Diesel fuels are purchased on a quality basis, 





{This paper was presented at the Annual Meeting of the Society, Detroit, 
Jan. 14, 1936.) 

1 See A.S.T.M. Standards on Petroleum Products and Lubricants, 1935. 

2See S.A.E. Transactions, March, 1932, pp. 136-142; ‘“Compression- 
Ignition Characteristics of Injection-Engine Fuels’, by A. W. Pope, Jr., 
Fd A. Murdock. 

8 See Proceedings, World Petroleum Congress, London, July, 1933, Knock 
Rating for High-Speed C.I. Engine Fuels. 





apparatus and the “fixed-ignition-lag method” 
the Diesel fuel testing in the C.F.R. engine has 
been so simplified that seven to eight fuels can 
be tested in an hour with a high degree of repro- 
ducibility. 


Empirical ratings such as Aniline Point, Diesel 
Index, Viscosity-Gravity Index and Viscosity- 
Slope Index were applied to 19 fuels and none of 
them was found to offer a perfect substitute for 
engine testing. Some can, however, be recom- 
mended for approximate rating. 


Combustion knock was found to decrease only 
slightly when the cetane number of the fuel ex- 
ceeds 55. Cathode-ray oscillograms would indi- 
cate that the knock follows the maximum rate of 
pressure rise more than the ignition lag. 


The “delay” method pioneered by Boerlage and Broeze® 
compares the fuels in a running engine on the basis of their 
ignition lag. In one version of that method the ignition lag 
is read on a neon-lamp protractor. In another version a 
knockmeter is employed—the kind used for knock-testing 
gasolines. Identical ignition-delay angle or identical knock- 
meter reading is the indication of identical ignition quality. 

Theoretically either of these methods is perfectly satisfac- 
tory. As soon as we can decide consistently whether or not 
two fuels possess the same ignition quality, the problem of 
fuel rating is solved. All we have to do is to pick from a 
row of reference fuels the one which the test fuel matches. 
The difficulties that have been encountered are solely of tech- 
nical nature. 

From a practical testing method we demand three things: 
(1) that it be convenient; (2) that it be reproducible; and 
(3) that it be representative. Let us ignore this last point for 
the time being; we shall come back to it later. If we are 
satisfied with a reproducibility of --5 cetane units, then the 
C.C.R. method is no doubt convenient. However, to obtain 
reproducible results within say +3 cetane numbers, a pains- 
taking procedure has to be followed in order that identical 
heat conditions in the cylinder may be reestablished before 
each ignition, and the method ceases to be convenient. 

The convenience and reproducibility of the delay method 
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are adversely affected by the use of the bouncing pin as an 
ignition indicator. The friction between pin and barrel and 
the arcing between the contact points cause irregular action. 
Consequently, readings could not be duplicated with sufficient 
consistency to permit the drawing of a calibration curve be- 
tween ignition lag and cetane number, or between knock- 
meter reading and cetane number. Unfortunately the bouncing 
pin readings varied even during the same run, which condi- 
tion added uncertainty to the determinations. 


The Penn State Ignition-Lag Indicator 


In the method developed at Pennsylvania State College the 
bouncing pin was replaced by an electromagnetic pick-up such 
as is used for phonographs and magnetic-type radio speakers. 
A short stiff wire resting on the diaphragm transmits the 
motion of the diaphragm to the armature of the pick-up. The 
electromotive force generated in the coil surrounding the 
armature is used to control the operation of a thyratron tube. 
When the velocity of the diaphragm is high as at the time of 
ignition, the thyratron trips and causes a neon lamp to flash. 
The timing of the flash is read on the protractor. 

The circuit is shown on Fig. 1. The current generated in 





THYRATRON 


Fig. 1—Wiring Diagram 
of Penn State Electrical 


RECTIFIER 
Ignition-Lag Indicator 





"0 VOLT AC 





the coil reduces the negative voltage on the grid of the thyra- 
tron tube sufficiently to cause it to conduct permitting a con- 
denser to discharge. The current thus passing to the plate 
of the tube goes to a high-tension coil which, in turn, sends a 
flash through the neon lamp. The neon lamp flashes once in 
every cycle, at the moment the velocity of the pick-up motion 
reaches a predetermined magnitude. At any other time the 
voltage generated is insufficient to trip the thyratron relay, 
and the neon lamp remains dark. 


The mechanism is practically frictionless. No electric con- 
tactors are used; therefore, troubles with arcing and pitting 
are absent. The wire and armature having a very high nat- 
ural frequency, they do not bounce but follow the motion of 
the diaphragm. The pick-up is surprisingly insensitive to 
rough handling, to the manner in which it is mounted, and 
to the pressure with which it bears down on the diaphragm. 
There is but one single adjustment in the whole apparatus, 
the resistance, (R) in Figs. 1 and 3, which determines the 
minimum rate of rise necessary to trip the thyratron relay. 
For proper setting (R) is increased until the neon lamp ceases 
to flash when injection is cut out, but it responds as soon as 
ignition takes place. 


INJECTION PICK-UP 


IGNITION PICK-UP 


CR. ADJUSTING 
PLUG 


TIMING 
ADJUSTER 
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(Transactions) 


A pick-up similar to the one described is used as an injec- 
tion indicator in place of the conventional Bosch contact 
indicator, and again provides the advantage of eliminating 
electric contactors. 

Fig. 2 shows both pick-ups, the ignition pick-up and the 
injection pick-up, mounted on a C.F.R. engine. A double- 
throw switch permits reading the injection or the ignition 
timing at will. Fig. 2 also shows the flywheel-type neon pro 
tractor. The large scale permits one to read the angles to an 











Fig. 3—Thyratron Relay of Electrical Ignition-Lag 
Indicator 


our readings seldom differed more than 2 cetane numbers 
from one day to another, and 3' cetane numbers was the 
maximum deviation from the mean ever observed. Table 1 


: | Si 


is typical of the readings obtained and shows satisfactory 
reproducibility. 

The fixed-ignition-lag method is claimed to be much faster 
than either the C.C.R. or the knockmeter method. All waiting 
associated with those methods for the purpose of clearing the : 
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Fig. 2—Penn State Electrical Ignition-Lag Indicator /8 
Mounted on C.F.R. Engine 








accuracy of about o.ro deg., in a convenient standing position. /7 
Fig. 3 shows the electronic equipment, which can be placed 
conveniently out of the way. 

For routine testing the fixed-ignition-lag method was found /6 
most convenient. The injection timing is set and kept at, 
say 18-deg. crank angle before top-center. By moving the 
adjustable plug, the compression ratio is adjusted until the 5 
neon lamp indicates ignition exactly at top-center. This is 
the “required compression ratio”, or R.C.R., of the test fuel. 
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: In a similar manner the required compression ratios of various 14 ~ 
{ blends of the two reference fuels, cetane and alphamethy]l- 
naphthalene, are determined from which a calibration curve is i 
plotted as shown on Fig. 4. By marking the R.C.R. of the 13 a 
sample fuel on the calibration curve, its cetane number can the] 
1 be read. Fig. 5 shows our ratings of the Shell secondary- 
| reference-fuel blends generally used in our tests. 2 Cetane /Vumber 
The R.C.R. versus cetane number curve varies only little 
; from day to day, and even that variation could possibly be JO 40 30 60 70 30 90 —~ 
eliminated by keeping the intake-air pressure independent of Fig. 4—Calibration Curve Based on Cetane and Alpha- 
the barometric pressure. Plotting a “day curve” each time, methylnaphthalene, Barometric Pressure, 28.7 in. Hg. 
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cylinder trom the combustion products or for the knockmeter 
to assume equilibrium position, is here eliminated. 

But still more important is the elimination of the individual 
bracketing required by the old methods by which each fuel 
to be tested had to be bracketed by two reference fuels. Here 
readings were not sufficiently consistent to permit plotting 
even a temporary calibration curve. Consequently each test 
fuel had to be compared with a number of reference fuels, 
using successively narrower brackets and switching every time 
from a reference fuel to the test fuel until the brackets were 
close enough to permit some kind of interpolation. 

In the new method all bracketing is done away with and, 
after the calibration curve is obtained, the rating of a fuel 
consists of determining its R.C.R., which can be done very 
quickly. The advantage in time saving offered by the new 
method will be appreciated from the fact that 7 to 8 fuels can 
be tested accurately in 1 hr. For plotting the day curve an 
additional hour may be allowed. If, however, a portion of 
the curve is sufficient to rate the samples, the complete day 
curve need not be determined, but only the required portion. 
For approximate rating, say +3 cetane number, a permanent 
calibration curve can be used. 


Is the C.F.R. Test Representative ? 


Before a laboratory test is standardized we want to be 
satished that it is a “representative” test—that it rates fuels 
4See S.A.E. Transactions, July, 1932, pp. 283-293; “Ignition Quality of 


Diesel Fuels as Expressed in Cetene Numbers’, by G. D 


J. J. Broeze. 
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Fig. 5—Cetane Rating of Blends of Secondary Reference 
Fuels Generally Used in Fuel Tests 











Table 1—Cetane Ratings of Fuels on Various Days 





Date 7-2 7-3 7-5 7-10 7-17 7-17 11-6 11-8 
* +. ” t t 

Fuel A 65.5 63.0 63.6 66.0 64.0 65.0 66.0 66.0 
Fuel B 54.5 55.5 54.0 59.0 60.0 62.0 61.5 62.5 
Fuel C 44.5 48.5 43.0 440 42.0 45.0 440 44.5 
Fuel D 62.0 61.5 59.5 63.0 64.0 65.0 62.0 64.5 
Fuel E 62.0 61.0 59.0 68.0 58.0 61.0 58.0 62.0 
Fuel § 52.5 52.0 50.0 53.0 49.0 53.0 51.5 55.5 
Fuel V 48.5 48.0 49.0 54.0 53.0 55.0 54.5 55.0 


* 600 r.p.m. 
7 Stuck nozzle. 





in the same order as they would be rated by their behavior 
in a field engine. This definition presupposes that most 
service engines rate fuels in the same order, which probably 
is the case. The findings of Boerlage and Broeze* indicate 
that compression-ignition engines vary less in this respect than 
spark-ignition engines. That conclusion means that, if in any 
given engine fuel A shows a better ignition quality than fuel 
3, then fuel A will also be the better in any other engine. If 
this statement were true universally, then it would make no 
difference what engine and what operating conditions are 
chosen for the laboratory test. However, the fact is that a 
change in the engine factors does change the rating of fuels 
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Fig. 6—Seattering of Points in Ignition Readings. 
Compression Ratio and Injection-Advance Angle Kept 
Constant 
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Table 2—Comparative Ratings of 12 Fuels by the C.C.R. and the Fixed-Ignition-Lag Methods 





A B C D E 
C. C. R. 65.3 56.7 51.6 62.2 62.8 
Fixed Ignition 
Lag 60.7 43.9 63.7 60.4 


S V Bi B: Bs By Bs 
53.3 52.0 42.3 45.1 54.5 61.0 68.3 


52.4 54.3 42.5 43.5 48 .8 58.5 63.3 





slightly, and the more a test simulates service-engine condi- 
tions, the more representative it is likely to be. 

From this point of view the C.C.R. test is condemned by 
some investigators—because it does not rate the fuel in the 
same condition as does a running engine. The cylinder wall is 
cooler and the ignition lag close to 180 deg., instead of about 
15 deg. prevailing in a running engine. Others consider the 
C.C.R. test as more indicative of the starting quality of the 
fuel. It is only fair to state that on the basis of factual evi- 
dence the C.C.R. ratings check surprisingly well with the 
ratings obtained by the fixed-ignition-lag method in a running 
engine. Our tests on 12 fuels showed a Pearsonian correla- 


tion of 90.3 per cent (see Table 2). 





Table 3—Pearsonian Correlation Coefficients for 
Fuel Data of Naval Experiment Station 





C.C.R. Knockmeter Optical Neon-Flash 

Delay Delay 

C. C. R. 1.0 —0.972 —0.873 —0.864 

Knockmeter —0.972 1.0 0.940 0.945 

Optical 

Delay —0.873 0.940 1.0 0.980 

Neon-Flash 

Delay —0.864 0.945 0.980 1.0 





In choosing between various modifications of the delay 
methods, it is to be said that there is little difference between 
them if they all are applied with sufficient accuracy. Table 3 
refers to eleven fuels tested at the Naval Engineering Experi- 
ment Station,® Annapolis, Md., by the C.C.R., knockmeter- 
delay, neon-lamp delay, and optical-delay methods. It will be 
noted that the knockmeter-delay method correlates best with 
the other three, but the difference between the three delay 
methods is very small. Our fixed-ignition-lag method on five 
Navy fuels B,, B,, B;, B,, and B; gave 96 per cent correlation 
with the knockmeter tests of the Naval Experiment Station. 





ey No. 6395-B, Not Published, Engineering Experiment Station, 
S. Naval Academy, Annapolis, Md 

See Journal of the Institution of Petroleum Technologists, July, 1931, 
pp. 387-418; “Fuel Testing in Slow and High Speed Diesel Engines”, by 

J. Le Mesurier and R. Stansfield. 

7See Proceedings, Sixth Oil Power Conference, Pennsylvania State 
College, 1932, Technical Bulletin No. 16, p. 73 

8 See Journal of the Institution of Petroleum Technologists, July, 1932, 
pp. 533-547; Symposium on Spontaneous Ignition Temperatures. 

®See Proceedings, World Petroleum Congress, London, July, 1933; 
“Measurement of Ignition Qualities of Diesel Fuels’, by A. E. Becker 
and H. R. Stacey. 

See S.A.E. Transactions, October, 1934, pp. 376-384; “Suggested 
Index of Diesel Fuel Performance’’, by A. E. Becker and H. G. M. Fischer. 

11 See The Oil and Gas Journal, November 15, 1934, pp. 108-111; “‘Prac- 
tical Evaluation of the Ignition ‘Che racteristics of Diesel Fuel Oils’ ae 

C. Moore, Jr., and G. R. Kaye. 

‘2 Performed by R. H. McCormick and H. R. Kichline at the Pennsyl- 
vania State College Petroleum Laboratory, using Fenske modified Ostwald 
ppettes for kinematic viscosity determinations which were converted into 

oaytelt units by the conversion table given in Industrial and Engineering 

Chemistry, January, 1935, pp. 82-86. The aniline points were determined 
by the A.S.T.M. Method, p. 232, 1935, Report of Committee D-2. 

18 See Diesel “Power, May, 1935, pp. 283-290; ‘‘The Characteristics of 
Diesel Fuel Oil”, by W. F. Joachim. 


Vol. 38, No. 5 


Development of the C.F.R. Diesel test engine was based on 
the belief that engine tests will prove to be more representative 
than bomb tests or chemical tests. In view of repeated pro- 
posals for a simplified rating, these physical and chemical 
methods should not be dismissed without a hearing. 

The self-ignition temperature as determined by the Moore 
bomb method on twelve fuels investigated by Le Mesurier 
and Stansfield® showed a correlation with delay angles of not 
higher than 75 or 80 per cent.’ Bombs of refined construc- 
tion, such as the Farnboro bomb,* come much closer to the 
engine ratings, but in first cost of equipment and testing 
convenience they offer no advantage over engine tests. 

More convenient and reproducible are chemical tests, the 
most popular of which are the aniline point,® the Diesel 
index, and the viscosity-gravity index.‘ To see how repre- 
sentative these indices are we have compared in Table 4 the 
results of very accurate chemical tests’? with those of engine 
tests on 19 different fuels. The correlation runs as follows: 
aniline point, 89 per cent; Diesel index, 93 per cent; viscosity- 
gravity index, —86 per cent; viscosity-slope index (tangent of 
the viscosity line on the A. S. T. M. chart), —86 per cent. 
If the secondary reference blends are disregarded the correla- 
tion coefficients become 95, 97, —94, and —67 per cent re- 
spectively. It is not apparent that any of these indices offers 
a perfect substitute for engine testing, but some, particularly 
the Diesel index, can be recommended for approximate rat- 
ings for laboratories that are not equipped with a fuel testing 
engine. 

Data on the correlation of C.F.R. ratings of Diesel fuels 
with their ratings in service engines have been reported by 
Boerlage and Broeze,* Joachim,'* and the Naval Experiment 
Station,® and the agreement is satisfactory. Accumulation of 
more data on this line is nevertheless desirable. 

The recommended operating conditions and procedure for 
rating Diesel fuels by the fixed-ignition-lag method are given 
in Appendix I. Appendix II contains a discussion of the 
optimum operating conditions and instrumentation. 


Appendix I 


Recommended Apparatus and Technique 
for Diesel Fuel Testing 


Operating conditions and procedure for rating Diesel fuels 
by the fixed-ignition-lag method at 900 r.p.m. in the C.F.R. 
Diesel fuel-testing engine are as follows: 


Operating Conditions.— 


(1) Engine speed 


; ..900 © 30 r.p.m. 
(2) Jacket temperature ... 


. Constant within = 1 deg. fahr. 
Limits, 205 to 215 deg. fahr. 

(3) Inlet-air temperature ......100 + 0.5 deg fahr. 

(4) Lubricating-oil temperature..140 = to deg. fahr. 

(5) Injection timing .......... 18 deg. before top-center 

COP MORE io an ec ce caves At top-center exactly 

(7) Nozzle-opening pressure ...1500 roo |b. per sq. in. 

(8) Fuel quantity noe 

(9) Rheostat setting aa tee pie To give earliest ignition indication 


0.020 cc. per injection + 10 per cent. 
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Procedure— 


(1) The engine is motored approximately 5 min. while the 
air and water heaters and thyratron tube warm up. 


(2) The bypass valve in the nozzle is then closed, the injec- 
tion timing adjusted, and the compression ratio set to 
give reasonably smooth running while the engine warms 
up. The engine should run under power for at least 
20 min. in order to attain equilibrium temperature con- 
ditions of the engine and of the crankcase oil. 


Injection timing is adjusted by the pump timer until the 
neon lamp flashes at 18 deg. before top-center. The 
ignition indicator is then switched on and the compres- 
sion ratio is varied until the neon flash indicates ignition 
at top-center. The scale reading of the compression ratio 
adjusting plug is then recorded. Following this reading, 
the compression ratio is increased until ignition takes 
place several degrees before top-center and again de- 
creased until ignition is indicated at top-center. This 
operation is then repeated so that altogether two deter- 
minations are made with increasing, and two with de- 
creasing, compression ratios. The average of the four 
readings is then used to determine the required compres- 
sion ratio for that fuel. The R.C.R. is calculated by the 
formula R.C.R. = 1 + 18/H, where H is the average 
of the four micrometer readings of the adjustable plug. 
Every time the engine is switched from one fuel to an- 
other, the pump suction space is flushed for 5 sec. then, 
while the injection tube and nozzle are being purged 
of the fuel previously used, the other tank is drained, 
flushed, and filled with the next fuel to be tested. 


(3) 


(4) 
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(5) After testing a series of blends of the two reference fuels, 
the volumetric percentage of the high cetane fuel in the 
low cetane fuel is plotted against the corresponding 
R.C.R. values. The R.C.R. of the sample fuel is placed 
on the curve which determines the rating of the sample 
fuel. If sample fuels are tested first, the R.C.R. of some 
of the reference blends which are outside of the range 
of the sample fuels need not be determined. 


Appendix II 


Selection of Optimum Operating Conditions 
and Instrumentation 


A series of investigations was carried out to determine 
optimum operating conditions and to ascertain the tolerances 
that may be allowed in prescribed adjustments. 

The engine speed of goo r.p.m. was chosen—in preference 
to 600 r.p.m.—as being more typical of the high-speed engines 
in which most of the fuels tested are to be used. Moreover, 
the timing of injection and ignition may be determined more 
accurately when the neon lamp flashes more frequently. Since 
tests have shown that the R.C.R. is insensitive to engine speed 
in this engine, a deviation of + 30 r.p.m. can be permitted 
safely. 

The injection advance angle, which—with ignition at top- 
center—is numerically the same as ignition lag, was chosen 
so that the compression ratio required to ignite a fuel of 
average ignition quality in the allotted time, would be typical 








Table 4—Empirical Rating of 19 Diesel Fuels 








Cetane 

Num- 
Viscosity at Viscosity at ber 

Sample 32 deg. fahr. 100 deg. fahr. Aniline Vis- (Fixed 

Gravity, Specific Point, cosity- Vis-  Ignition- 
Saybolt, Centi- Saybolt, Centi- deg. Gravity, deg. Diesel Gravity  cosity Lag 
—_ sec. stokes! __ sec. stokes? A.P.I.3 60/60  fahr.t Index Index Slope Method) _ 
By 44.1 5.69 33.6 2.28 32.9 0.8607 118 38.8 0.864 0.692 42.5 
B, 42.2 5.08 33.2 2.13 36.0 0.8448 125 45 .0 0.849 0.681 43.5 
Bs 45.8 6.24 34.1 2.47 37.2 0.8388 142 52.8 0.839 0.663 48.8 
By 59.5 10.36 37.2 3.48 37.0 0.8398 164 60.6 0.829 0.674 58.5 
B; 59.1 10.23 37.2 3.48 39.7 0.8265 171 67.9 0.815 0.667 63.3 
40* 42.5 5.19 33.1 2.10 19.7 0.9358 77 15.2 0.938 0.692 31.5 
50* 42.6 5.22 33.2 2.13 23.1 0.9153 94 21.7 0.918 0.685 38.5 
60* 43.6 5.55 33.5 2.24 26.5 0.8956 113 30.0 0.894 0.678 44.8 
70* 45.0 5.98 33.9 2.39 30.2 0.8751 127 38.4 0.876 0.665 52.3 
80* 46.8 6.56 34.4 2.58 33.9 0.8555 143 48.5 0.854 0.657 62.0 
90* 49.1 ¢.32 35.1 2.81 37 .7 0.8363 156 58.8 0.832 0.654 68 .0 
100* 52.6 8.34 36.0 3.11 41.9 0.8160 172 72.1 0.807 0.641 73.5 
A 78.7 15.51 40.7 4.58 37 .6 0.8368 177 66.5 0.816 0.667 65.4 
B 183.7 39 .45 53 .0 8.46 35.1 0.8493 187 65.7 0.819 0.655 60.7 
C 45.1 6.02 33.9 2.39 33.5 0.8576 126 42.2 0.858 0.673 43.9 
D 103 .4 21.39 44.1 5.69 37.3 0.8383 181 67.5 0.815 0.654 63 .7 
E 81.8 16.25 41.3 4.77 37.8 0.8358 177 66.9 0.817 0.658 60.4 
S 81.1 16.08 40.8 4.63 32.9 0.8607 155 51.0 0.845 0.670 52.4 
\ 45.5 6.17 31.6 0.8676 162 51.2 0.846 0.660 54.3 
V (68 deg. fahr.) 61.3 10.87 
V (130 deg. fahr.) 39.1 4.08 


* Indicates volume percentage of Dupo in blends 
1 Accurate to +0.3 per cent. 
* Accurate to +0.5 per cent. 
® Accurate to +0.1 deg. A.P.I. 
* Accurate to 1 deg. fahr. 
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Fig. 7—Required Compression Ratio of Reference Fuels 
at Various Ignition Lags 


of the compression ratio of service engines. Ignition lags of 
16 to 26 deg. were tried (see Fig. 7); all were found satis- 
factory and gave the same ratings to fuels tested. An ignition 
lag of 18 deg. is recommended because a shorter ignition lag 
would require compression ratios above 22 for testing poor 
fuels, and a longer ignition lag may be considered not typical 
of common practice. 

In choosing top-center for ignition timing the main con- 
sideration was that a low rate of pressure rise preceding 
ignition makes the latter distinct and easy to identify. How- 
ever, if it is much later than top-center, ignition timing be- 
comes erratic. Incidentally, with ignition at top-center, igni- 
tion lag is about minimum; therefore, a deviation in injection 
timing will cause minimum deviation in ignition lag. 

Two considerations determined the choice of injection tube 
and the nozzle-opening pressure; first, the cyclic variations in 
the injection timing should be small, and second, the begin- 
ning of injection should be sharp so as to give a definite point 
from which to measure the beginning of the ignition lag. 
The 0.031-in. bore by 25-in. tube chosen resulted in reducing 
the injection lag to 70 per cent of that obtained with a 
0.125-in. by 36-in. tube. Fig. 8B shows that the short tube 
gave the smallest cyclic variations in injection timing (shown 
by the shaded area) and also permitted uniform injection of 
smaller quantities of oil. The injection pressure also influences 
the variations in the injection timing, as is shown in Fig. 8A. 

The second requirement, that the beginning of injection 
should be sharp, was investigated by means of a cathode-ray 
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oscillograph. It was shown that the nozzle opened twice dur- 
ing each injection and that at the higher pressures the first 
opening was so slight that sometimes the neon lamp flash 
indicated the time of the second opening, which action could 
cause an error in fuel rating. Nozzle behavior at 1500 |b, 
per sq. in. was found to be satisfactory in our tests. 

The fuel quantity of 0.020 cc. per injection was chosen 
because this amount is sufficient to give regular injections, but 
is not enough to produce violent combustion when poor fuels 
are burned. Larger quantities do not make the injection nor 
ignition indications more uniform when the small tube is 
used but are necessary with larger tubes in order to avoid 
irregular injections. 

The inlet-air temperature of 100 deg. fahr. is higher than 
normal, but it was adopted because it might not be possible 
to maintain a lower temperature in summer without cooling, 

The tolerances permitted for the various operating condi- 
tions are not so wide as to affect fuel ratings; yet they can be 
maintained easily. The factors that affect fuel ratings are 
compression ratio, injection timing and inlet-air temperature. 
The compression ratio can be determined precisely, but the 
adjustment depends on reading the time of ignition flash 
correctly. An error of 0.1 deg. in injection or ignition timing 
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Fig. 8(a)—Variation of Injection Timing with Valve- 
Opening Pressure 


Fig. 8(b)—Variation of Injection Timing with Injection 
Quantity and Tube 


Fig. 8(c) —Variation of Required Compression Ratio with 
Inlet-Air Temperature and Pressure 
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will cause an error of about 0.2 cetane number with a 40- 
cetane fuel, or an error of 0.4 cetane number with a 70-cetane 
fuel as is shown in Fig. 7. With the flywheel type of pro- 
tractor, readings to 0.1 deg. can be estimated with no great 
difficulty. 

Fig. 8C shows that a variation of 1 deg. fahr. in the inlet- 
air temperature results in a change of the R.C.R. by about 
0.02 units, which number is equivalent to about 0.1 to 0.2 
cetane numbers for 40- and 7o-cetane fuels respectively. The 
pressure of the inlet air has the greatest effect, but it is not 
controlled in the C.F.R. engine. Throttling tests show that 
the R.C.R. increases about one unit when the air pressure is 
reduced by 1 in. hg. By maintaining inlet-air pressure inde- 
pendently of barometric pressure, it should be possible to 
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rate fuels with fair accuracy by means of a permanent cali- 
bration curve if the engine is kept clean of carbon. 

R.C.R. is not sensitive to nozzle-opening pressure and fuel 
quantity; therefore, liberal tolerances are permissible. 

It has been pointed out that the pick-up type of ignition 
indicator will not indicate the true beginning of the com- 
bustion pressure rise because the thyratron relay will not trip 
before a predetermined rate of pressure rise is exceeded. 

Although this contention is true theoretically, its practical 
effect is of no consequence. If ignition is adjusted to occur 
at top-center, there is always a pronounced step in the pres- 
sure diagram, and the pressure rise after ignition is so sudden 
that possible error due to delayed tripping should be very 
small, provided that the rheostat is set for earliest neon flash. 
To check this statement we have taken rate-of-rise diagrams 
with a cathode-ray oscillograph of both the diaphragm lift 
and nozzle-needle lift. They are reproduced in Fig. 9. The 
differences between indications with the cathode ray and the 
neon flash were smaller than we were able to measure. 

The bouncing pin, on the other hand, cannot be expected 
to give a true indication of ignition time. In Fig. 10 the 
heavy line a-b-c-d-e represents the pressure line of a time- 
basis indicator diagram. It also represents the motion of the 
diaphragm on an enormous scale. The position of the bounc- 
ing pin is shown in several phases, and the dot-dash line shows 
the height to which the top of the bouncing pin must bounce 
in order to break contact. At a the bouncing pin is at rest 
preceding compression, at & injection takes place, and at c, 
ignition. During compression the bouncing pin follows the 


™ See N.A.C.A. 1935 Technical Report No. 533; “Distribution and Regu- 
larity of Injection from a Multicylinder Fuel-Injection Pump”, by A. M. 
Rothrock and E. T. Marsh. 
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Fig. 10—Motion of Bouncing Pin in Diesel Fuel Testing 


diaphragm accurately, but its behavior after ignition will 
depend on its weight and spring load. If the pin is light or 
the spring stiff, it will follow the motion of the diaphragm 
and break contact in the position shown by (1). Then it 
really is a “non-bouncing pin”. If the pin is heavy or the 
spring load is light, the pin will fly off the diaphragm along 
the line c-f and break contact at (2). The ignition lag regis- 
tered in the former case will be ¢:, and in the second case, it 
will be ¢. The ignition lag actually read may be something 
between ¢, and ¢, depending on clearance, weight, spring, 
friction, and arcing. 

With the electrical ignition indicator there is no clearance, 
and the neon lamp flashes the moment the diaphragm flexes 
at the rate of, say c-f. The ignition lag registered will be less 
than fs, and will hardly differ from t, the “true ignition 
lag”. 

Conditions are still worse with regard to injection timing. 
The Bosch contact indicator is set to have a contact gap of 
0.002 to 0.004 in. Optical needle-lift diagrams have shown" 
that it sometimes takes 3 to 8 deg. of the crank to lift the 
valve needle that amount (at 1500 lb. per sq. in. valve- 
opening pressure and goo r.p.m.). This source of error ex- 
plains why some published ignition-lag measurements are 
incredibly short. On the other hand a 0.0001-in. needle mo- 
tion is ample to elicit a response from the pick-up type 
indicator, and the timing can be determined without appreci- 
able lag. 

When using ignition lag as the measure of ignition quality 
there are three possible ways to perform the test: (1) keeping 
the compression ratio and injection timing constant and let- 
ting the ignition time vary; (2) keeping the compression ratio 
and ignition time constant while varying the injection timing; 
and (3) keeping injection and ignition times constant and 
varying the compression ratio. In each case the varied quan- 
tity is recorded and related to the ignition quality of the fuel. 

The first method was found to give badly scattered points 
when applied to low cetane fuels as shown on Fig. 6. When 
ignition lag is' 25 deg. or more, reproducibility of the tests 
becomes poor. The same objection applies to the second 
method, and it has the additional practical disadvantage that 
the Bosch pump is not equipped to vary the injection timing 
in a sufficiently wide range for the tests. The third method, 
called fixed-ignition-lag method, gives reproducible results 
even for fuels with extreme ignition qualities. 

Is measured ignition quality indicative of combustion 
knock? Approximately, but not exactly. According to our 
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oscillographic measurements, combustion knock follows the 
maximum rate of pressure rise more closely than the ignition 
lag. For instance, above 55 cetane number there is very little 


variation in audible knock and also little variation in the 
maximum rate of pressure rise, but there is still considerable 
variation in the ignition lag in this range. 


Discussion of Schweitzer-Hetzel Paper 


Changes Necessary To Simulate 
Service-Engine Conditions 


—Edward T. Vincent 


Continental Motors Corp. 


Ts paper is one of the first that the writer has seen where the 
limits of measurement on the same fuels at different times have been 
given in detail. Of course, one is familiar with the fact that difficulties in 
getting reproducible results by different observers, and so on, had been 
encountered, but the magnitude of the difference was usually given as an 
average difference of about 2 per cent cetane using the bouncing-pin- 
delay method which on a 4o-cetane fuel is a spread of 5 per cent. 

Such differences for practical engine fuels should cause no difficulties 
whatever, and it is only from the scientific angle that greater accuracy 
is required. Looking over the results given in the paper, we find that 
the same seven fuels tested with this modified apparatus give results 
from 58 to 63 cetane number, neglecting those points affected by a dirty 
nozzle, 49 to 55.5, 48 to 55, and 54 to 61.5 cetane number, which 
readings show variations up to 15 per cent cetane. Such variations ac- 
tually cover more than 50 per cent of the range of cetane fuels available 
on the market, which condition certainly makes the prospects of the 
engine manufacturer getting something out of it rather slim. It is con- 
sidered that changes will have to be made until the spread between 
different observers does not exceed 3 per cent cetane. 

Apart from the above criticism, which probably applies to all methods 
of testing, it is believed that the slow beginning of combustion in the 
early stages should receive some consideration. The explanation that a 
sharp rise of pressure always occurs if combustion is set for top-center 
is not sufficient to dismiss this important point, since there are many 
actual engines where such a pressure rise does not occur. The fact that 
the C.F.R. engine possesses this feature is not sufficient to eliminate this 
phase of the problem. The difference between actual engine operation 
and the knock tests probably arises from the extremely long lag of 
18 deg. allowed. 

The authors state that ““The more a test simulates service engine con- 
ditions the more representative it is likely to be.” Let us, therefore, get 
a more representative test. An ignition delay of 18-deg. crank angle 
with a hot engine at 900 r.p.m. is about double that which exists in an 
actual engine. Referring to Fig. 9 it is seen that the cathode-ray oscil- 
lograms record the fuel valve closing before combustion begins. In 
other words we are operating an Otto cycle engine with practically 
constant-volume combustion. It has been known for nearly twenty 
years that ignition delay was the cause of knock, and here we produce 
abnormal ignition delay with complete injection before ignition conducive 
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Fig. A—(Vincent Discussion) Engine Diagram Where 
Rate of Pressure Rise Is Slower During Combustion Than 
During Compression 
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to severe knock and hope to get data on the ratings of different fuels, 
The results may stack up in their correct relative positions, but to say 
that they approach engine conditions even of twenty vears ago is incor- 
rect. A lag of about 9 to 10 deg. is ample to cover all modern engines. 

Again, the fact that a 17:1 compression ratio is required to operate 
the C.F.R. engine with a 4o-cetane fuel proves that engine conditions 
are far from being approached. Such a fuel in an actual engine, run- 
ning at the same m.e.p. and speed as the C.F.R. test engine, would have 
about 10 deg. lag with a ratio of not more than 14:1. It may be that 
some of the conditions responsible for the 18 deg. lag at such high 
compression ratios also account for the great variation between indi- 
vidual test readings. Some tests to this end might be worth while. 

If the flash can be recorded to 0.10 deg. as claimed, the lag could 
certainly be cut in half and still secure accuracy. The error in delay 
period would only be 0.20 deg. in a g-deg. lag, or an error of 2.2 per 
cent as a maximum. 

Compression ratios of over 22 for testing poor fuels seem out of all 
proportion even for an 18-deg. lag, and the set-up should be gone over 
very carefully to find the cause. It is true that such changes might 
have considerable effect upon the usefulness of the apparatus described 
in this paper since it would then be possible to have conditions such as 
is shown on Fig. 1 of this discussion where the rate of pressure rise 
during combustion is slower than the rate during compression. In other 
words, the instrument would record the compression curve and not the 
firing line, and a negative delay would be obtained. 

Adjustment of the C.F.R. engine to produce results approaching those 
of a service engine would perhaps eliminate the differences now existing 
between some of the methods of tests and enable reproducible results 
to be secured at different times and in different Jaboratories. Perhaps a 
new technique may result from such changes. In fact, the writer is of 
the opinion that such changes are essential since, in testing a wide range 
of fuels by the present methods, comparable results can not be expected 
if the compression ratio varies widely due to the fact that, if an 18-deg. 
lag is used, the temperature conditions during the lag period would be 
totally different for such a change of ratio as from 10:1 to 20:1. 

The paper states that with poor fuels, constant compression, and 
variable-lag-method of testing the points scatter badly. This scattering 
is to be expected since what actually happens is that the fuel is injected 
into gas that is at a lower temperature than it would be for fuels with 
a short lag, so that the effective compression ratio is reduced by early 
injection, and this condition is for a fuel which requires a higher com- 
pression. Objections therefore exist to each method of test. The con- 
stant lag perhaps is the better method of test from some angles, though 
constant compression is the method of test in actual service engines. If 
the former method was modified to give about 1o-deg. lag for about 
14:1 ratio for normal fuels, it might result in eliminating some of the 
discrepancies. 

Have any actual tests been run with the C.F.R. engine to obtain the 
effect of change of shape on fuel rating due to varying the position of 
the plug? Such tests would not be very difficult and might show up 
other variables. 

In Fig. 6 of the paper where lags are measured at constant compres- 
sion ratio and injection advance, the variation over the same cetane 
range as the fuels of Table 1 vary from 11% to about 9 per cent, which 
is less than that for the method of test recommended. 


Points to Observe for Greater 
Speed and Accuracy 


—C. H. Schlesman 


Socony-Vacuum Oil Co. 


ON reviewing this paper it is of interest to note that, despite the 
fact that fuel performance can be observed by the measurement of 
any one of a number of factors, such as intensity of knock, smoke den- 
sity, or fuel consumption, all the laboratory engine methods described 
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at this session are based upon measurement of the ignition-delay time 
of the fuel. Even the method of Pope and Murdock may be considered 
to be a special case of delay measurement. 

Our experience with a number of full-scale engines also indicates 
that the most suitable index of the ignition quality of a fuel is its 
ignition-delay time. 

This paper shows that excellent results can be obtained in the labora- 
tory when determining ignition quality. However, the following points 
must be observed if speed and reliability are desired: 

(1) It is essential that the ignition delay time of the fuel should be 
measured directly, that is, the instrument employed should start mea- 
suring elapsed time at the instant fuel begins to be injected into the 
cylinder. Also, the instrument must stop counting time at the instant 
combustion begins. 

The instrument should calculate the elapsed time for each cycle, but 
the result indicated may be the average of a number of cycles. The 
instrument should be calibrated in micro-seconds or in degrees of 
crank angle. 


(2) As the engine operates in an erratic manner from cycle to cycle, 
it is not possible to infer that injection begins at a definite position of 
crank angle. Thus, the use of a timing device that is started by a cam 
on the crankshaft leads to considerable error. 

Because of such cyclic variations, the use of a knockmeter that indi- 
cates the average delay during, say 50 cycles, is preferable to an indi- 
cator that indicates individual cycles, such as the one described by 
Schweitzer and Hetzel. However, the present knockmeter is too heavily 
ballasted. 

In our work equal accuracy and greater speed were obtained by the 
use of a similar meter, but with very little dampening. Before the latter 
instrument could be employed, however, it was found necessary to im- 
prove the steadiness of engine operation greatly and to take considerable 
care to obtain steady injection. 

(3) The exact method of determining the instant at which injection 
begins is not important. A contact on the nozzle is very satisfactory 
for this purpose. A pick-up coil should be equally suitable. 

(4) Means of detecting the beginning of combustion should be se- 
lected that will give the best instrumentation. Our instrument, which 
employs a balanced diaphragm, defines the beginning of combustion as 
the point at which cylinder pressure exceeds compression pressure by 
50 lb. per sq. in. Methods employing the rate of pressure rise and a 
method which depends upon the use of an ionization gap have been 
described at this session. In developing each method, the skilled opera- 
tors selected engine conditions in such a way that the rate of pressure 
rise, for example, was one that would operate the combustion-detecting 
device in a reproducible manner. 

In closing I wish to stress the point that methods intended for routine 
use must combine speed of measurement with a high degree of accuracy. 
Systems employing a very lightly damped knockmeter and a continu- 
ously indicating flywheel protractor, showing the injection advance, 
appear to meet these requirements. 


Recording Apparatus Aids in 
Obtaining Accurate Ratings 


—L. J. Le Mesurier and 
R. Stansfield 


Anglo-Iranian Oil Co. 


T= method suggested by the authors for the determination of cetane 
numbers is, in our opinion, a distinct advance on previous proposals 
as regards instrumentation for cases where it is important that the 
instruments used shall be relatively cheap and simple. Also, the elimi- 
nation of the bouncing pin or any modification of it that still retains 
the “bounce” is as essential for correct ratings of Diesel fuels as it is 
desirable for the proper rating of gasolines. 

We have been examining methods of fuel ratings in the Sunbury 
Laboratory of the Anglo-Iranian Oil Co. for upwards of 5 yr., using 
relatively elaborate indicators, and, for the last year, we have concen- 
trated on instrumentation with the Standard-Sunbury cathode-ray oscil- 
lograph engine indicator,* an apparatus that gives an exact account of 
both the combustion cycle and the fuel-valve lift, either as pressure- 
and space-time records, or as rate of change of pressure and velocity- 
ume records. 





@See The Engineer, London, Dec. 13, 20, and 27, 1935. 


The apparatus described to the Society is essentially an indicator that 
shows when predetermined rates of pressure change and spray-valve 
velocity are reached, with everything eliminated not required for the 
purpose of delay-angle measurement. 


Its proper behavior depends, however, on the fuel valve lifting sharply 
by at least 0.003 in. when the neon tube flashes, and the greater part 
of the remaining lift must be completed rapidly without early down- 
ward movements due to pipe-line effects. 

It is also necessary to be sure that the spray system and the combus- 
tion chamber have characteristics that combine to give a combustion 
line that does not differ appreciably in slope between fuels of widely 
different viscosities. 


The authors give data confirming the contention that the usual fuel 
system of the C.F.R. Diesel engine is unsatisfactory for fuel testing 
because of the small primary lift of the valve, although they appear to 
assume that fuel is injected from the beginning of this primary opening 
and that delay should be measured from the starting point of lift. Com- 
plete indicator records show that this assumption is not the case, and 
it is probable that there was no difference in true delay between the 
two sizes of fuel pipe mentioned, but only an absence of primary lift in 
the modified pipe. 

The effective injection begins only when the primary lift (if of small 
amplitude) is over and when the secondary or main lift has passed 
a value of about 0.002 in. This point can be illustrated in a convincing 
manner by indicating a multicylinder governed engine on idling load. 
The governor of such an engine is constantly altering the fuel-pump 
control rack, and the spray valve of each cylinder is seen to vary in lift 
from 0.001 or 0.002 in. to 0.004 or 0.005. Only at the higher lifts 
is there discernible combustion. 

With regard to the slope of the combustion line our tests show that 
it is not liable to extreme changes in the C.F.R. engine, but it certainly 
does vary and thus the apparatus described gives results which are 
liable to errors from this cause. 

The technique of determining a daily curve of the delay of secondary 
standards and then testing several samples and plotting the results 
on the daily curve has been used at Sunbury for several years with 
every satisfaction, individual bracketing being unnecessary, but it has 
not been found possible to use a permanent calibration curve with an 
accuracy as high as © 3 cetane numbers. 

The method of adjusting the injection point to 18 deg. before top- 
center and the compression ratio to give ignition on top-center has the 
possible advantage that it gives slightly more stable ignition of the 
poorer fuels, but such technique adds an operating adjustment not 
necessary when a fixed ratio is adopted and the ratings determined in 
terms of delay angle only. Delay angles can be determined with suitable 
instruments in fixed-ratio engines with an error of not more than 1 
cetane number, in spite of the small delay angles associated with high- 
ignition-quality fuels. 

The running compression ratios given for various cetane numbers 
suggest that the point taken by the authors of the paper for the begin- 
ning of combustion is several degrees later than the first visible break 
from the compression line in a rate-of-change-of-pressure diagram. This 
choice may be due to the need for selecting a point in the rate-of-rise 
curve when setting the indicating instrument, sufficiently above the 
maximum rate of rise possible during compression alone. Thus the delay 
angle of 18 deg. should not be taken as of more than relative signifi- 
cance. 

In our work we have been-able to obtain better “repeatability” of 
results from a direct-injection Gardner engine working at a fixed ratio 
than we get from the C.F.R. engine. Our preference is for the former 
design as a standard test unit for high-speed Diesel fuels since it is 
typical of the most economical designs which are more sensitive in 
practice to fuel quality than engines with air cells. Low-quality fuels, 
poor even for large slow-speed engines, are readily tested by heating 
the inlet air to a predetermined temperature to insure ready ignition. 
The use of an indicator that shows the actual combustion and spray- 
valve cycles is a safeguard against erratic working, which condition 
cannot readily be detected with a system that only responds to a definite 
rate of pressure change or valve velocity, and thus the former method 
is to be preferred for accuracy. 

As an alternative to direct delay measurements, the inlet air might 
be throttled on each fuel until the delay reached a specified value, an 
engine being used with a fixed ratio high enough to ignite the poorest 
fuels when the amount of throttling was small. 

A direct-injection design would be suitable for this purpose, and it 
would be better as regards maintenance and lower in first cost than a 
variable-compression engine. 

With reference to chemical tests, our own experience still confirms 
the view that the aniline point rather than the Diesel index is the better 
guide to running quality, but that neither can replace a direct test in 
an engine. 
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Improvements Sug gested in Test 
Engine and Instrumentation 


—K. J. De Juhasz 


Pennsylvania State College 


. I ‘HIS paper stresses the need for greater consistency of fuel-test results 
and recognizes the two ways for its attainment: (1) improvements 
in the test engine, and (II) improvement of instrumentation. Under 


these two headings the writer offers the suggestions that follow: 


I—Improvements in the Test Engine 


Such improvements should aim to reduce the differences in the engine 
cycle both from day to day, and also in consecutive cycles. The day- 
to-day variations could be eliminated by completely conditioning the 
entering air to a constant (1) temperature, (2) pressure, and (3) hu- 
midity. In the present practice only the temperature is kept constant. 

The pressure should be kept constant and independent from the baro- 
metric pressure by attaching a surge tank to the intake pipe and main- 
taining in it an arbitrarily specified pressure which is either below the 
minimum (say 27 in. hg.), or above the maximum (say 32 in. hg.) at- 
mospheric pressure usually encountered. The former pressure could be 
maintained by throttling the entrance to the surge tank, and the latter, 
by means of a blower which would supplement the natural suction of 
the engine. 

Messrs. Hetzel and Schweitzer called attention to the considerable 
influence on the “required compression ratio” of the entering air pres- 
sure, 1 in. hg. causing about 1 unit difference in the R.C.R., but to 
the writer's knowledge no serious effort has been made to actually con- 
trol this important factor. 

Similarly, there is a need for keeping the humidity of the air con- 
stant. Again in this case two ways are possible, either to keep the 
humidity as low as practicable by drying the air or to maintain a high 
humidity by saturating it. Tests conducted at The Pennsylvania State 
College have shown only an insignificant influence of humidity on 
the power output of a Diesel engine. It does not necessarily follow, 
however, that its influence on the ignition lag is also negligible, but 
this statement could be proved or disproved only by actually trying it. 
To the writer no experiments on a test engine are known which would 
settle this question. 

It appears to the writer that such control of pressure and humidity 
could be made automatic so as not to burden the operating personnel 
with additional duties. 

Regarding the variation of the phase of injection from cycle to cycle 
this is inherently due to the presence of injection pipe, as can be readily 
shown by graphical analysis of pressure and velocity waves. 

This statement is not an indictment of pump units using pipes as the 
variations may be, and usually are, innocuous in actual engines, as the 
timing and quantity vary only slightly from cycle to cycle except at 
very light loads. Although these variations cancel out in multicylinder 
engines, they are troublesome in a test engine that has a single cvlinde: 
and is run with small pump discharge. These variations can be mitigated 
only, not eliminated, by reducing the pipe diameter and reducing the 
pipe length. Both of these measures should be used to the fullest pos- 
sible extent. 

Probably a modified injection system, approaching the ‘“accumulator- 
with-timed-valve” type that is free from such cycle variations, would be 
more suitable for this particular service. 


I1—Improvement of Instrumentation 


Reproducibility of tests and agreement between the results of dit- 
ferent laboratories can be attained only by close attention to instrumen- 
tation. In the bouncing pin in its earlier form the friction and un- 
specified nature of electric contacts were the cause to a great extent for 
the discrepancies, as clearly discussed by Messrs. Schweitzer and Hetzel. 
In the paper of Clark of the Shell Oil Co.” it is pointed out that elimi- 
nation of friction by locating the bouncing pin free from the walls of 
the hole (the ends of the bouncing pin are pointed and rest in indenta- 
tions in the diaphragm and in the contact blade) has resulted in an 
improvement in the consistency of indication. 

The device developed by Mr. Hetzel goes still further in this correct 





1 See Automotive Industries, Nov. 30, 1935, p. 723. 


Vol. 38, No. 5 


direction, and credit is due to him for perceiving the usability as a 
rate-of-pressure indicator of the electromagnetic pick-up—an instrument 
intended for an entirely different field of application—and also for his 
ingenuity and persistence in solving the numerous problems accompa- 
nying such a radical adaptation. This device represents an important 
advance toward making the test results consistent. Further improvement 
appears desirable, however, regarding the independence of the indicated 
phase of ignition on the setting of the resistance (R). It is reasonable to 
expect that standardization at some definite setting would reduce the dis- 
crepancy between results obtained at different laboratories or times. 


Authors’ Closure Gives Further 
Justification of Methods 


—P. H. Schweitzer 
—T. B. Hetzel 


Pennsylvania State College 


CAREFUL inspection of our data in Table 1 should convince one 

that Mr. Vincent’s pessimism regarding the accuracy of fuel rating 
is not justified. Disregarding the tests taken at 600 r.p.m. and those with 
stuck nozzle, the average variation from the mean is only 0.94 cetane 
number, and the maximum variation is 3 cetane numbers. This varia- 
tion is quite tolerable since it indicates that the probable error in rating 
a fuel is less than 1 cetane number. The data in Mr. Rendel’s paper 
confirm this conclusion. 

Mr. Vincent advocates a shorter ignition lag of g to 10 deg. in order 
to have a test that is more representative of service-engine conditions. 
If he couples that requirement with a demand of 14:1 compression ratio 
for a 40-cetane fuel, the answer is that such a combination is unobtainable 
in a C.F.R. engine regardless of the testing method used. 18 deg. was 
selected for the ignition lag after it had been ascertained that the cetane 
rating is practically the same with short or long ignition lags and a 
shorter ignition lag would require excessively high compression ratios to 
test low-cetane fuels. A source of error in ordinary ignition lag measure- 
ments is referred to in Appendix II. We know of no tests made with 
the C.F.R. engine to obtain the effect of varying the position of the plug. 

Referring to the remarks of Messrs. Le Mesurier and Stansfield, the 
authors first wish to acknowledge that it was their Sunbury indicator 
which inspired the development of the Penn State instrument. The dis- 
cussers mention that the spray valve needle may lift 0.002 in. without 
injection taking place. Such a case has never come to the attention of 
the authors. On the contrary, our stroboscopic spray observations have 
shown that injection takes place even when the lift is only a fraction of 
0.001 in. The authors agree that the use of an integral-chamber engine 
for fuel testing and the throttling of the intake air instead of varying the 
compression ratio have much in their favor. 

In reply to Dr. Schlesman who favors the knockmeter, the authors do 
not consider the knockmeter objectionable if it is used without the bounc- 
ing pin. It is feasible to design a circuit by which the knockmeter input 
is controlled by a pick-up indicator and integrated averages are read. 
We abandoned this line of procedure because the knockmeter slows up 
the testing considerably. In switching from one fuel to another, we now 
Hush the pump and the line—which can be done in a few seconds. In 
using a knockmeter, one must not flush the line because the missing 1gni- 
tion then shoots the knockmeter hand to the edge of the dial. It one 
cannot flush the line, the result is a waste of time and fuel. But the 
authors agree that an improved type of knockmeter hooked to a pick-up 
indicator has promise. 

Regarding the suggestions offered by Professor De Juhasz, the authors 
agree on the desirability of keeping inlet air pressure and humidity 
constant, but doubt that the daily variations in the calibration curve can 
thus be completely eliminated since even a slight carbon deposit in the 
engine lowers the R.C.R. as much as % unit. 

We were unable to eliminate the cyclic variation of the injection uming 
by eliminating the injection pipe. Mounting the nozzle right on top ot 
the pump failed to reduce the injection oscillations to any appreciable 
degree. The cause of the oscillations was finally traced to the eccentricity 
of the tappet roller. The furnished roller had an eccentricity of 0.004 
in. With a replacement roller which had an eccentricity of 0.0025 in., 
the oscillations were reduced and, finally, with a special precision roller 

which had an eccentricity of 0.0008 in., these oscillations have been 
practically eliminated. 











